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Glucose-independent human cytomegalovirus replication
is supported by metabolites that feed upper glycolytic branches
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Viruses with broad tissue distribution and cell tropism successfully replicate in various
nutrient environments in the body. Several viruses reprogram metabolism for viral
replication. However, many studies focus on metabolic reprogramming in nutrient-rich
conditions that do not recapitulate physiological environments in the body. Here, we
investigated how viruses may replicate when a metabolite thought to be essential for rep-
lication is limited. We use human cytomegalovirus infection in glucose-free conditions
as a model to determine how glucose supports virus replication and how physiologically
relevant nutrients contribute to glucose-independent virus production. We find that
glucose supports viral genome synthesis, viral protein production and glycosylation,
and infectious virus production. Notably, supplement of glucose-free cultures with uri-
dine, ribose, or UDP-GlcNAc—metabolites that feed upper glycolytic branches like the
pentose phosphate pathway—results in partially restored virus replication, including
low levels of infectious virus production. Supplementing lower glycolysis in glucose-free
cultures using pyruvate fails to restore virus replication. These results indicate that
nutrients can compensate for glucose via feeding upper glycolytic branches to sustain
low levels of virus production. More broadly, our findings suggest that viruses may
successfully replicate in diverse metabolic niches, including those in the body with low
glucose levels, through alternative nutrient usage.
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Viruses are dependent on nutrient availability in their host environment to successfully
replicate. Virus—host metabolic interactions are essential for the success of viruses since
viral replication requires host metabolism. Glucose, a major central carbon metabolite, is
an important determinant for a wide range of virus infections, e.g., human cytomegalovirus
(HCMYV) (1-3), herpes simplex virus 1 (4, 5), SARS-CoV-2 (6), Epstein—Barr virus (7,
8), adenoviruses (9), dengue virus (10), respiratory syncytial virus (11), Kaposi’s sarcoma—
associated herpesvirus (12—-16), rhinoviruses (17), influenza A virus (18), hepatitis B virus
(19, 20), human herpesvirus 6A (21), and norovirus (22). Many of these viruses are known
to replicate and cause disease in several organs and tissues in the body. For example,
HCMYV is a prevalent herpesvirus that causes severe disease in immunocompromised
individuals and neonates (23-25). Common complications include CMV pneumonitis,
retinitis, hepatitis, and microcephaly (24-26). CMV diseases result from the virus’s ability
to infect, replicate, and spread in broad tissues via its extensive cell tropism and success
in diverse nutrient environments (24). Currently, it is unknown how viruses, such as
HCMY, replicate in diverse metabolic environments, including conditions where nutrients
of central carbon metabolism may be low or limiting.

Investigations examining the flow of glucose carbons during virus infection using
glucose-rich conditions yielded significant findings regarding virus—host metabolism inter-
actions (4, 7, 27-31). However, a major caveat to these metabolic investigations is that
some nutrients, such as glucose, are at supraphysiological levels while metabolites essential
to metabolism are absent (32, 33). Use of common nutrient-rich media conditions could
mask the contribution of alternative metabolites to virus replication, particularly those
that provide compensating roles in conditions where nutrients may become limiting.

We sought to determine whether a virus can successfully replicate when an “essential”
metabolite like glucose is limiting by focusing on HCMYV replication. In glucose-rich
conditions, HCMYV globally reprograms cellular metabolism for its replication needs.
HCMYV promotes glucose uptake (2, 29, 34), which is accompanied by increased glycolytic
flux during infection (4, 28, 35). Glucose is metabolized to obtain energy, and the flow
of glucose carbons is redirected to support viral replication and production of infectious
progeny (1-4, 27, 28, 35-38). Glucose supports key branch points in upper glycolysis
such as the pentose phosphate pathway (PPP) and hexosamine pathway (4, 28, 30, 39),
and glucose carbons at the end of glycolysis are shuttled to fatty acid synthesis and
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The metabolic environment
determines the ability of a virus to
successfully replicate. Human
cytomegalovirus (HCMV) has broad
cell tropism and replicates in
various tissues that have diverse
and/or limiting metabolic
environments. HCMV reprograms
host central carbon metabolism to
support viral replication, but there
is little understanding of HCMV
replication in diverse metabolic
niches as most studies use
high-nutrient culture media. Here,
we show that glucose limitation
suppresses virus production
through loss of viral genome
synthesis and viral protein
glycosylation. However, nutrient
compensation by metabolites that
fuel upper glycolytic branches,
such as the pentose phosphate
pathway, supports low levels of
glucose-independent virus
production. Our work indicates
that metabolite compensation
may facilitate HCMV replication in
nutrient-limited niches in the body.
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elongation to support lipid metabolism (4, 27, 28, 38, 40, 41).
Failure to metabolize glucose results in loss of infectious virus
production (29, 30, 34, 39, 42, 43).

In this study, we demonstrate that loss of virus production
during glucose deprivation is the result of attenuated viral genome
synthesis and subsequent viral protein production and viral pro-
tein glycosylation. In contrast to the current paradigm regarding
the essentiality of glucose for HCMYV replication, we determined
that metabolites present in the body but absent from standard
growth media support low levels of replication independent of
glucose. By supplementing the metabolic environment of HCMV-
infected cells with metabolites essential to metabolism in the body,
our investigation revealed that alternative metabolite compensa-
tion promotes HCMYV replication in glucose-limited environ-
ments. Supplementing glucose-free cultures with metabolites that
feed upper glycolytic branches partially restores viral genome
synthesis and, importantly, supports low levels of virus production
independent of glucose. Supplementing with pyruvate, the final
product of glycolysis, failed to restore viral genome levels or virus
production. In the case of HCMYV, nutrients that support upper
glycolytic branches allow low levels of virus production in glucose-
limiting environments. Overall, these studies reveal that viruses
can replicate in diverse metabolic environments with little to no
glucose via metabolic compensation.

Results

Glucose Deprivation Attenuates HCMV Genome Synthesis,
Resulting in Decreased Viral Protein Levels. Glucose deprivation
inhibits infectious virus production in HCMV-infected cells (1,
3). However, it is unknown which stage of replication is impacted
by the loss of glucose. We examined multiple steps of HCMV
replication during glucose deprivation to determine the stages
that require glucose. Human foreskin fibroblasts (HFF) were
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infected with HCMYV strain TB40/E encoding green fluorescent
protein (TB40/E-GFP). A multiplicity of infection (MOI) of 2
infectious units per cell (IU/cell) was used at which most of the
cells in the culture are infected. Experiments were performed
in growth-arrested primary human fibroblasts in serum-free
conditions that remove any contribution of nutrients from bovine
serum to recapitulate conditions widely used in metabolic studies
of HCMV (3, 4, 27-30, 34, 35, 38-41, 44-46). Glucose was
removed at 1 h postinfection (hpi) and virus production, viral
genome synthesis, and viral protein levels were quantified (Fig. 1).
Cell-free and cell-associated viral titers were measured using 50%
tissue culture infectious dose assay (TCIDs). Glucose-replete (25
mM) Dulbecco’s modified Eagle Medium (DMEM) cultures had
measurable levels of infectious cell-free virus production from 96
to 120 hpi and cell-associated virus production from 72 to 120
hpi with the highest titers at 120 hpi (Fig. 14). Virus production
was not detected in glucose-free DMEM cultures, consistent
with previous studies (1, 3). To determine whether loss of glucose
decreases HFF viability, we measured cytotoxicity of glucose-free
conditions. Cells were infected or mock-infected as described
above. At 48 and 120 hpi, culture supernatants were collected
for lactate dehydrogenase cytotoxicity assay. At 48 hpi, cells
maintained high viability in both mock- and HCMV-infected
cultures (S/ Appendix, Fig. S14). By 120 hpi, mock-infected,
glucose-free cell viability had decreased to 78%, while HCMV-
infected, glucose-free cultures maintained 95% cell viability. At the
later time, viability of HCMV-infected, glucose-replete cultures
decreased to 89%, likely due to cell death that occurs from high
levels of virus production at late stages of HCMV replication.
These data indicate that HCMV offers protection against cell
death induced by glucose deprivation and are consistent with
prior HCMV studies in HFFs (1).

Since glucose can support nucleotide synthesis, we next exam-
ined viral genome synthesis from 4 to 120 hpi using qPCR. Viral
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Fig. 1. Glucose supports viral genome synthesis and viral protein production and is required for infectious virus production. HFF were infected with HCMV strain
TB40/E encoding free green fluorescent protein (TB40/E-GFP) at a MOI of two infectious units per cell (IU/cell). At 1 h postinfection (hpi), media were changed to
glucose-replete [(+) Glc] or glucose-free [(-) Glc] DMEM. (A) At the indicated times, culture supernatant or cells were collected for cell-free (Left) and cell-associated
(Right) virus production. Viral titers were measured by 50% tissue culture infectious dose assay (TCIDs). (B) Viral genomes per cell were quantified at the indicated
times by gPCR. (C) Whole-cell lysates were collected at the indicated times and analyzed by western blot. A representative blot from three biological replicates is
shown. (D) For glucose removal studies, glucose-replete DMEM was removed, cells were washed with phosphate-buffered saline (PBS), and media replaced with
glucose-free DMEM at the indicated times. (E) For glucose addition studies, glucose-free DMEM was removed, cells were washed with PBS, and media replaced with
glucose-replete DMEM at the indicated times. Viral titers from culture supernatant were quantified at 120 hpi by TCIDs,. Limit of quantitation (LoQ) = 632 TCIDsy/
mL; nd, not detected; d, detected but below the LoQ. Experiments from D and £ were performed concurrently using glucose-replete media (gray bar) or glucose-
free media (nd) treated at 1 hpi as controls for both. Error bars represent SD. Two-way ANOVA with Tukey’s (B) or one-way ANOVA with Dunnett’s test (D and E) was
used to determine significance. Statistics were performed on transformed data. ns, not significant; P < 0.05, *; P < 0.01, **; P < 0.001, ***; P <0.0001, **** n = 3,
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genome levels were attenuated by 1- to 1.3-log starting at 48 hpi
(i.e., at the onset of viral genome synthesis) in glucose-free cultures
compared to glucose-replete (Fig. 1B). Although viral genomes
were significantly decreased relative to glucose-replete cultures,
genomes still increased over time in glucose-free cultures, suggest-
ing low levels of viral genome replication occur independent of
glucose.

Glucose is also used to generate several amino acids needed for
viral protein synthesis. We measured viral protein levels from 4 to
120 hpi to determine whether glucose is necessary to support viral
protein production in each of the canonical kinetic classes of
HCMYV lytic replication (i.e., proteins encoded by immediate-
early, early, and late viral genes). Immediate-early protein 1 (IE1)
and immediate-early protein 2 (IE2) levels during glucose depri-
vation were similar to glucose-replete conditions up to 48 hpi,
suggesting little impact on immediate-early events (Fig. 1C and
SI Appendix, Fig. S1B and E-F). In contrast, early protein UL38
was significantly decreased by 48 hpi (Fig. 1C and SI Appendix,
Fig. S1C). Another early protein UL44 was also reduced, but this
decrease was only significant at 96 and 120 hpi (57 Appendix,
Fig. S1Eand G). Late protein pp28 was decreased from 48 to 120
hpi (Fig. 1C and SI Appendix, Fig. S1D). A second late protein,
pp71, was similarly reduced at 96 and 120 hpi in glucose-free
cultures (S Appendix, Fig. S1 E and H). A reduction in proteins
encoded by late genes is consistent with a loss in viral genome
synthesis since the expression of late genes depends on viral
genome replication. Taken together, these data indicate that glu-
cose supports early viral protein production and viral genome
synthesis as well as subsequent production of late viral proteins.
Moreover, our findings suggest that the loss of infectious virus
production caused from glucose deprivation is due to defects in
carly events and subsequent late steps of lytic replication.

Glucose is Essential for Infectious Virus Production but is
Reversible. Based on our initial observations that glucose supports
early steps in virus replication, we investigated whether the effects
of glucose deprivation on HCMYV are replication stage dependent.
Attenuated viral genome levels suggest that glucose is required for
early replication events prior to, or at the onset of, viral genome
replication. We reasoned that glucose removal after initiation of
viral genome synthesis would allow early events to proceed as
expected while reducing activity in any glucose-dependent steps in
the late stages. We infected HFFs with TB40/E-GFP in glucose-
replete DMEM, then removed glucose at 1, 24, 48, 72, or 96
hpi and quantified viral titers at 120 hpi. As controls in these
experiments, viral titers were determined for glucose-replete or
glucose-free cultures. As we previously observed, virus production
was not detected in glucose-free conditions when glucose was
removed at 1 hpi (Fig. 1D). Glucose removal at 24 hpi also
resulted in undetectable levels of infectious virus. GFP-positive
infected foci below the limit of quantitation (LoQ) for TCIDs,
were detected when removing glucose at 48 hpi, while glucose
removal at 72 hpi resulted in measurable virus production that
was reduced compared to glucose-replete. Glucose removal at 96
hpi had no effect on viral titers at 120 hpi.

We performed the reciprocal experiment (i.e., time of addition)
to determine whether the impact of glucose deprivation is revers-
ible. Cultures were glucose-starved at 1 hpi until glucose was
added back at 24, 48, 72, or 96 hpi. We found glucose addition
at 24 hpi supports virus production similar to glucose-replete,
whereas virus produced during glucose add back at 48 or 72 hpi
was reduced by ~1-log (Fig. 1E). Virus production at 120 hpi was
not detected with glucose addition at 96 hpi, potentially due to
insufficient time for recovery. These data demonstrate that defects
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in virus production during glucose loss are reversible with glucose
addback. Further, since we observed a defect in early replicative
steps and glucose dependence up to 48 hpi, our results suggest
that glucose is required for early replication events and supports
late replication steps.

Uridine and Ribose Supplement Support Glucose-Independent
Virus Replication. Since glucose is necessary for viral genome
replication, we hypothesized that metabolites that restore viral
genome synthesis in the absence of glucose would promote late
viral protein production, and potentially, late replicative steps.
Nucleotide synthesis is supported by the conversion of glucose
to ribose 5-phosphate via the PPP. Uridine can feed the PPP to
restore cancer cell proliferation in glucose-limiting conditions
through the production of ribose 1-phosphate and subsequent
conversion to ribose 5-phosphate (47) (Fig. 24). We reasoned
that uridine may provide a similar restoration to HCMV genome
synthesis in glucose-free cultures. Since DMEM lacks uridine, we
tested this idea by feeding uridine to infected cells and measuring
viral genome levels. We infected cells as previously described,
supplemented with 0 to 1 mM uridine in glucose-free DMEM
at 1 hpi, and measured viral genome levels and virus production at
120 hpi. As we previously observed, viral genomes were reduced in
glucose-free cultures compared to glucose-repleted without uridine
addition (Fig. 2B). Uridine supplement restored viral genomes
with an ~1.5-log increase at 0.5 and 1 mM concentrations
compared to glucose-free, nonsupplemented cultures. While
uridine supplement in glucose-free cultures increased viral genome
replication relative to the nonsupplemented conditions, viral
genomes were still reduced compared to glucose-replete cultures
at 120 hpi. Thus, uridine supplement provides a partial rescue of
viral genome synthesis.

Next, we examined whether the partial restoration of viral
genome synthesis would lead to production of infectious virus.
We found that supplement of 1 mM uridine resulted in virus
production above the LoQ in glucose-free conditions for one of
three biological replicates (Fig. 2C). Moreover, in all replicates,
we detected GFP-positive infected foci indicating a low but nota-
ble amount of infectious virus production independent of glucose
(Fig. 2D). Overall, our observations demonstrate that glucose is
necessary for HCMV replication in standard growth conditions
and that glucose-independent replication and virus production is
possible if uridine is present when glucose is limited.

Uridine restores PPP activity during glucose limitation by
replacing glucose as the ribose 5-phosphate donor (47, 48). We
hypothesized that if uridine restored viral genome synthesis and
low-level virus production via release of ribose, then directly sup-
plementing with ribose would result in a similar rescue (Fig. 2
B-D). We infected cells, supplemented 0 to 1 mM ribose in
glucose-free DMEM at 1 hpi, and quantified viral genomes and
virus production at 120 hpi. Similar to uridine, ribose partially
restored viral genome levels with an ~1-log increase at 0.5 and 1
mM concentrations compared to glucose-free, nonsupplemented
cultures (Fig. 2E). Supplement of 1 mM ribose in glucose-free
cultures resulted in quantifiable titers, and 0.5 mM ribose supple-
ment resulted in GFP-positive infected foci near or below the LoQ
(Fig. 2F). In other experiments, viral titers for I mM ribose-
supplemented, glucose-free cultures were under the LoQ with
detectable GFP-positive foci formation (Fig. 2G and SI Appendix,
Fig. S2A4). We confirmed ribose restoration of virus production
using a different commercially available ribose stock. Ribose sup-
plement consistently produced infectious virus as evidenced by
GFP-positive foci but were below the LoQ for three of four bio-
logical replicates, confirming that our observation is independent
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Fig. 2. Uridine and ribose support glucose-independent replication of HCMV. (A) Schematic of uridine or ribose feeding nucleotide synthesis, including
phosphoribosyl diphosphate (PRPP). (B-G) HFFs were infected with TB40/E-GFP at a MOI 2. At 1 hpi, media were changed to glucose-replete or glucose-free
DMEM with 0 to 1 mM uridine (Uri) (B-D) or 0 to 1 mM ribose (E-G). (B and E) Viral genomes per cell were quantified by gPCR. (C and F) Viral titers from culture
supernatant at 120 hpi were quantified by TCIDs,. LoQ = 632 TCIDso/mL; nd, not detected; d, detected but below the LoQ. Pound sign (#) indicates that one of
three biological replicates (C) or two biological replicates (F) had measurable titers. (D and G) HFFs were infected and treated as described above. At 120 (D) or
144 hpi (G), culture supernatants were collected, diluted 1:10 in glucose-replete DMEM, and applied to uninfected, subconfluent HFFs. Cells were incubated for
6 (G) or 14 d (D) and GFP-positive infected foci were imaged. (Scale bar, 100 um.) (H-K) HFFs were infected as described above. At 1 hpi, media were changed to
glucose-replete, glucose-free, or glucose-free with 1 mM ribose supplement. (H) Whole-cell lysates were collected at the indicated times and analyzed by western
blot. A representative blot from three biological replicates is shown. (/) At 96 and 120 hpi, 100 pL of culture supernatants was collected, treated with DNase, and
released particle genomes were quantified by qPCR. (/) Viral titers were quantified by TCIDs, using the same culture supernatant from / at 120 hpi. LoQ = 632
TCIDso/mL; nd, not detected. (K) The ratio of total particles released to infectious particles released was determined using data from / and /. Error bars represent
SD. One-way ANOVA with Tukey's (F) or Sidak's (B and F) test, two-way ANOVA with Tukey's test (/), or paired ¢ test (J-K) was used to determine significance.
Statistics were performed on transformed data for B, £, F, /, and K. P < 0.05, *; P < 0.01, **; P < 0.001, ***; P < 0.0001, ****,n =2 (E, F) to 3 (B-D and H-K).
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of the company supplying ribose (SI Appendix, Fig. S2B). These
results demonstrate that ribose supplement restores HCMV rep-
lication at a low level that may be challenging to quantifiably
measure but nonetheless consistently restores low levels of virus
production.

Ribose Supplement Partially Restores Glucose-Independent
Viral Genome and Protein Synthesis, Allowing for Viral
Particle Production. Since ribose supplement restores viral
genome synthesis during glucose deprivation, we next measured
cytotoxicity to determine whether ribose supplement could rescue
cell viability in mock-infected primary fibroblasts. HFFs were
infected or mock-infected, and at 1 hpi, media were replaced
with glucose-replete or glucose-free with 1 mM ribose. At 48
and 120 hpi, culture supernatants were collected for lactate
dehydrogenase cytotoxicity assay. At 48 hpi, cells in all conditions
maintained high viability in both mock- and HCMV-infected
cultures (SI Appendix, Fig. S3A). At 120 hpi, mock-infected,
glucose-replete, ribose-supplemented cultures maintained high
cell viability but mock-infected, glucose-free, ribose-supplemented

https://doi.org/10.1073/pnas.2412966121

cell viability decreased to 76%, indicating ribose is not sufficient
to protect uninfected HFFs from glucose deprivation-induced
death. HCMV-infected, glucose-free, ribose-supplemented
cultures maintained 95% cell viability while HCMV-infected,
glucose-replete, ribose-supplemented cultures decreased to 86%,
potentially due to cell death from HCMYV replication similar to
HCMV-infected, glucose-replete cultures not supplemented with
ribose (S Appendix, Fig. S3 A and S1 A). Our findings suggest
that ribose supplement does not impact cell viability in glucose-
deprived, mock- or HCMV-infected cells.

We continued to supplement with ribose to better understand
how HCMYV might take advantage of compensatory nutrients to
successfully replicate during glucose deprivation. As ribose par-
tially restores viral genome levels at 120 hpi, we next investigated
when ribose supplement rescues viral genome synthesis. We meas-
ured viral genome levels from 4 to 96 hpi in glucose-replete or
glucose-free cultures with or without 1 mM ribose. Ribose sup-
plement significantly increased viral genome levels relative to
glucose-free, nonsupplemented cultures by 48 hpi (S/ Appendix,
Fig. S3B). Again, viral genome levels in glucose-free, ribose
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supplement were reduced compared to glucose-replete, indicating
ribose partially restores viral genome synthesis in glucose-limiting
conditions.

Since we found that ribose partially restores viral genome syn-
thesis and virus production in glucose-free conditions, we reasoned
that viral protein production would also be restored in supple-
mented cultures when glucose is limited. We measured viral pro-
tein levels from 4 to 96 hpi in glucose-replete or glucose-free
DMEM with or without ribose. For immediate-early proteins, we
observed that IE1 and IE2 levels remained unchanged in glucose-
free, ribose-supplemented cultures compared to glucose-replete
until late stages of virus replication when IEI levels decreased
(Fig. 2H and SI Appendix, Fig. S3 C and F-G). For early pro-
teins, ribose supplement partially rescued UL38 levels by 48 hpi
relative to glucose-free, nonsupplemented conditions and pro-
vided a full restoration at 96 hpi relative to glucose-replete con-
ditions (Fig. 2H and SI Appendix, Fig. S3D). UL44 levels
remained similar compared to glucose-free conditions until 96
hpi when levels were increased compared to glucose-free cultures
yet still decreased from glucose-replete (S Appendix, Fig. S3 F
and H). Finally, late viral proteins pp28 and pp71 levels in ribose
supplement cultures were partially restored (Fig. 2H and
SI Appendix, Fig. S3 E-F and I). These findings demonstrate that
ribose supports low levels of glucose-independent HCMV pro-
duction via partial restoration of viral genome synthesis and viral
protein levels.

Since ribose supplement in glucose-limiting conditions partially
supported viral genome synthesis, early and late protein levels,
and a low level of infectious virus production, we investigated
whether ribose supplement was able to restore late events leading
to release of virus particles. To determine whether viral particles
are released during glucose deprivation with or without ribose, we
infected and treated HFFs as previously described, collected and
DNase-treated culture supernatant to remove any nonencapsi-
dated viral genomes, and quantified protected viral genomes as a
measurement of released viral particles. Viral particles were
decreased during glucose deprivation by ~1- and 2-log at 96 and
120, respectively, and ribose supplement increased levels by ~1-log
compared to glucose-free at both times (Fig. 2/). However, ribose-
supplemented cultures still produced less viral particles than
glucose-replete cultures. We quantified the ratio of total released
particle levels (Fig. 2/) to infectious particle levels (Fig. 2/) as a
measure of particle infectivity (Fig. 2K). The ratio of total released
particles to infectious particles was increased by ~1-log in ribose-
supplemented, glucose-free cultures compared to glucose-replete
(Fig. 2K). Together, the data in Fig. 2 / and K demonstrate that
ribose supplement increases viral particles produced by cells
starved of glucose and these released particles are infectious though
at a reduced level compared to glucose-replete conditions (Fig.2

E G, and ).

Ribose Supplement Partially Restores Glycosylated gB Levels
in Glucose-Free Cultures. Based on our observation that ribose
supplement yields a higher ratio of released viral particles that are
deficient in their ability to establish infection in cells compared
to glucose-replete conditions (Fig. 2 /and K), we considered that
ribose may not restore the role of glucose in the formation of
functional glycoproteins. Viral glycoproteins support infectivity
by enabling virus binding, fusion, and entry events into host cells.
Glucose contributes to glycosylation through UDP-glucose or
the synthesis of UDP-N-acetylglucosamine (UDP-GIcNAc) via
the hexosamine pathway (Fig. 34). Loss of UDP-sugars results in
decreased viral protein glycosylation and infectious virus production
(30, 39). To determine whether viral protein glycosylation is lost
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during glucose deprivation, we examined a representative HCMV
glycoprotein, glycoprotein B (gB). In glucose-replete cultures, we
observed a band just below 150 kDa that increased in intensity
over time consistent with glycosylation of gB (Fig. 3B). The ~150
kDa band was not evident in glucose-free cultures but darkening
the image revealed a faint band at 150 kDa at 24 hpi. This
band was absent at later times. As the 150 kDa band is present
at 24 hpi in all conditions, it is likely residual glycosylated gB
from inoculating viral particles. Darkening the image revealed
another band around 100 kDa that is the predominant band in
glucose-free conditions from 48 to 96 hpi. In contrast, ribose-
supplemented, glucose-free cultures displayed a smear from ~100
to ~150 kDa that increased over time with the strongest intensity
at 96 hpi. Quantification of the ~150 kDa portion of the smear
suggests that ribose partially restores some level of this band
relative to glucose-free cultures (Fig. 3C). Next, we sought to
confirm that the ~150 kDa band corresponds to glycosylated gB
and the band near 100 kDa represents unglycosylated gB which
has an expected size of 105 kDa (49). We collected whole-cell
lysates from glucose-replete cultures at 96 hpi and hydrolyzed
N-linked glycans using PNGase F enzyme. The ~150 kDa band
shifted to 105 kDa following PNGase F treatment (S/ Appendix,
Fig. S3/), confirming that this upper band is glycosylated gB and
the 105 kDa band is unglycosylated gB. These results suggest that
ribose supplement partially restores glycosylated gB levels by 96
hpi during glucose deprivation.

Since glycosylation of viral receptors is required for particle
infectivity (50), we hypothesized that restoration of protein gly-
cosylation with rescue of viral genomes would restore particle
infectivity in glucose-free cultures. To this end, we supplemented
glucose-free cultures with ribose and/or UDP-GIcNAc, the sub-
strate for both O- and N-linked glycosylation reactions (Fig. 34).
HFFs were infected as previously described. At 1 hpi, media were
changed to glucose-replete, glucose-free, or glucose-free supple-
mented with 1 mM ribose, 100 uM UDP-GIcNAc, or both
metabolites (dual supplement). Whole-cell lysates were collected
at 120 and 144 hpi and protein glycosylation was evaluated by
blotting for gB. In glucose-replete conditions, the ~150 kDa gB
band was observed, while only a faint band representing ungly-
cosylated gB was observed in glucose-free conditions (Fig. 3D).
Ribose-only or dual supplement fully restored glycosylated gB
levels by 120 hpi (Fig. 3 D and E). UDP-GIcNAc supplement
resulted in upper and lower gB bands present at both times
(Fig. 3D). Glycosylated gB in conditions where UDP-GlcNAc
was the only supplement was lower than in glucose-replete or
ribose-only supplemented, glucose-free cultures (Fig. 3 D and E).
A possible explanation for the observation that ribose restores gB
glycosylation to a greater extent than UDP-GIcNAc is that gB is
a late protein and expression of late proteins might be higher in
ribose supplement than UDP-GIlcNAc supplement. We examined
late protein pp28 and found that UDP-GIcNAc increased pp28
levels similar to ribose supplement alone (Fig. 3 D and F). The
levels of an additional late protein, pp71, were similarly restored
in both ribose supplement and UDP-GIcNAc supplement
(81 Appendix, Fig. S4 A and B). Together, these data suggest UDP-
GIcNAc supplement impacts late viral protein levels during glu-
cose deprivation while only partially restoring glycosylation.

We next examined viral titers, total released particles, and par-
ticle infectivity during ribose and UDP-GlcNAc supplementation.
Again, no infectious virus production was detected in glucose-free
cultures, while ribose supplement partially restored virus produc-
tion in the absence of glucose at 120 and 144 hpi (Fig. 3G). UDP-
GIlcNAc supplement alone was insufficient to restore levels of
infectious virus production above the LoQ. However, we noted a

https://doi.org/10.1073/pnas.2412966121

50f 10


http://www.pnas.org/lookup/doi/10.1073/pnas.2412966121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412966121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412966121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412966121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412966121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412966121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412966121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412966121#supplementary-materials

6 of 10

A B C B (+)Glc
. . (-) Gle - [ (-) Gle
F6P+PPP<—>p'?]'2‘S);ﬁai - T]'f,’isﬁ;t; (+) Gle (-) Gl 1 mM Ribose < £ 15403 () Cle, 1 mM Ribose
Hexosamine orbop P Ribf on 150hpi: 24487296 24487296 244872 96 WB: Q %
0se = — f I}
Patrlway Nucleotide 100 oo i @ 9 10
Protein synthesis 150 ot 9B g
lycosylation . 3 M T 5
aly 74 100— .. o L (darkened panel) &g 0.5
UDP- a2
GlcNAc S0t s e = e e e Tybulin Cg,% 00
& Hpi:
120 144 hpi E F
Gle + - - - - + - - - - ,(-“\515 sk 515
Ribose - - + - + R o~ %‘ wers ] EH (+) Gle —
UDPGINAc - - - + + - - - + + WB: % ol = () Cle [y
a150—hy it M MM B30 = OCeRbose 3 10
100— 50 Bl (-) Glc, UDP-GIcNAC o5 o
" S0 05 () Gle, Ribose, N'o 05
25— g e e 008 22 UDP-GlcNAC o2
© ©
50 e e e o Bt S bt s s e TUbulin %& 0.0 & 0.0
hpi: 120 144 hpi:

G Hekkk
ek

106 !—‘
10% *

----- NN b NN LoQ

TCIDgy/mL
=)
w

hpi: 120 144

Fig. 3. Ribose and UDP-GIcNAc supplement support viral protein production, glycosylation, and infectious virus production during glucose deprivation. (A)
Schematic of ribose feeding nucleotide synthesis, PPP, and hexosamine pathway and UDP-GIcNAc supporting glycosylation. F6P, fructose 6-phosphate; PPP,
pentose phosphate pathway; PRPP, phosphoribosyl diphosphate. (B-C) HFFs were infected with TB40/E-GFP at a MOI 2. At 1 hpi, media were changed to glucose-
replete, glucose-free, or glucose-free with 1 mM ribose supplement. (B) Whole-cell lysates were collected at the indicated times and analyzed by western blot
using antibodies to gB and tubulin. Asterisks (*) indicate ~150 kDa (Upper) and ~105 kDa (Lower) gB bands. A representative blot from three biological replicates
is shown. (C) The ~150 kDa gB levels were normalized to tubulin levels and quantified relative to (+) Glc at 96 hpi. (D-G) HFFs were infected with TB40/E-GFP at a
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is shown. (E-F) Viral protein levels were normalized to tubulin and quantified relative to (+) Glc at 144 hpi. (G) Viral titers were quantified from culture supernatant
by TCIDs,. Error bars represent SD. Two-way ANOVA with Tukey's test was used to determine significance. Statistics were performed on transformed data for

G.P<0.05,* P<0.01, **; P<0.001, *** P <0.0001, **** n =3,

low level of GFP-positive infected foci on the TCIDs, plates.
Adding ribose to UDP-GIcNAc supplementation further increased
virus titers by ~0.5-log compared to ribose supplement alone;
however, the levels in the dual supplementation were still lower
than in glucose-replete conditions. UDP-GIcNAc supplemented
restored released particles to a level similar to ribose supplemen-
tation, but both were lower than glucose-replete cultures
(SI Appendix, Fig. S4C). Dual supplement of both ribose and
UDP-GIcNAc further restored released viral particle levels com-
pared to individual supplementation and reached a level compa-
rable to glucose-replete conditions. Particle infectivity was
calculated for conditions with measurable titers. Both ribose and
dual supplement cultures had a ~1-log increase in noninfectious
particles at 144 hpi compared to glucose-replete (SI Appendix,
Fig. S4D), suggesting these particles still lack components required
for infectivity despite restoration of viral protein glycosylation.
UDP-GIeNACs ability to restore both late viral protein and
released viral particles during glucose deprivation led us to hypoth-
esize that it could also restore viral genome synthesis. We infected
HEFEFs as previously described and treated the cells with glucose-
replete, glucose-free, or glucose-free with 100 uM UDP-GlcNAc.
We collected cells at 4, 48, and 120 hpi and quantified viral
genome synthesis using qQPCR. UDP-GlcNac partially restored
viral genome levels at 48 hpi and 120 hpi (S Appendix, Fig. S4E).
These data suggest that the metabolism of UDP-GlcNAc supports
more than protein glycosylation and that the prioritization of
metabolites such as UDP-GIcNAc may be shifted when glucose

is limited or starved.

https://doi.org/10.1073/pnas.2412966121

Alternative Metabolites Support Low Levels of Glucose-
Independent Replication. Ribose, UDP-GIcNAc, and uridine
can feed anabolic pathways that branch from upper glycolysis.
Our data demonstrate that these metabolites partially restore viral
genome synthesis and consistently support a low level of virus
production in glucose-free cultures. To better assess this consistent,
low level of infectious virus production, we increased the sensitivity
of our TCIDy, assay by 10-fold to quantitatively measure virus
production in supplemented, glucose-free conditions. We infected
HFFs and supplemented glucose-free cultures with 1 mM ribose
or 1 mM uridine and measured the amount of virus present in the
medium at 144 hpi. Again, we observed a lack of infectious virus
production in glucose-free cultures when no metabolites were
supplemented (Fig. 44). In contrast, ribose or uridine supplement
resulted in significantly higher levels of infectious virus produced
by cells in glucose-free conditions with uridine providing the
strongest rescue (Fig. 44).

We further investigated the level of HCMV production in
glucose-free, nutrient-supplemented conditions using an addi-
tional approach as a semiquantitative measure of virus produced.
We collected the supernatant at 120 hpi from infected cells grown
in supplemented and nonsupplemented conditions, diluted it
1:10, and inoculated 12 wells of uninfected cells in 96-well plates.
We then counted the number of wells that contained at least one
GFP-positive virus foci. As expected, in glucose-replete condi-
tions, all 12 wells were positive in all experiments (S/ Appendix,
Fig. S4 F-H). For glucose-free cultures, two plates from a total of
41 plates had one and three GFP-positive wells, respectively
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(SI Appendix, Fig. S4 F-H). In contrast, when ribose-only was
supplemented, every plate (total of 36) contained at least three,
and up to 12, GFP-positive wells (SI Appendix, Fig. S4 F~G). This
result was consistent with an increase in low-level virus production
we noted in Fig. 2G. For UDP-GIcNAc supplement, nine out of
12 plates had at least 2 GFP-positive wells (S7 Appendix, Fig. S4G).
For dual ribose and UDP-GlcNAc, we observed that all experi-
ments resulted in enough virus production for each of the 12 wells
to be positive (SI Appendix, Fig. S4G). Uridine-only supplement
of glucose-free cultures consistently resulted in plates containing
at least eight GFP-positive wells (S Appendix, Fig. S4H), consist-
ent with our previous observation that uridine supplement sup-
ported HCMV replication in glucose-free conditions (Fig. 2D).
Our observations demonstrate that compensatory nutrients lack-
ing in commonly used growth media can support low levels of
HCMYV production in glucose-free conditions.

Pyruvate Supplement Is Not Sufficient to Restore Viral Replication.
We next asked whether restoration of lower glycolysis in glucose-
free cultures would rescue HCMV replication. To this end, we
supplemented glucose-free cultures with pyruvate, the final product
of glycolysis (Fig. 4B). We infected HFFs, supplemented with 0 to 4
mM pyruvate in glucose-free DMEM, and measured viral genome
levels and virus production at 120 hpi. Higher concentrations of
pyruvate supplement in glucose-free cultures negligibly increased
viral genome levels compared to glucose-free, nonsupplemented
cultures by 120 hpi (Fig. 4C). All pyruvate concentrations tested
failed to produce detectable GFP-positive foci on titer plates
(Fig. 4D), indicating that pyruvate is insufficient to restore viral
replication. Overall, our findings demonstrate that metabolites that
feed upper glycolytic branches are sufficient to support low levels
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of glucose-independent virus production, but supplement of lower
glycolysis cannot restore virus production.

Discussion

Virus-host metabolism interactions enable viruses to successfully
replicate in tissues in the body with diverse metabolic environments,
including environments where a nutrient may be limiting. Some
latent viruses may reactivate in response to changes in a metabolic
environment that would favor virus replication (51). HCMYV relies
on manipulation of host metabolism to replicate and does so suc-
cessfully in various human tissues with different nutrient environ-
ments. Most HCMV metabolic studies are completed in cell culture
media that contain supraphysiological levels of some nutrients and
lack other metabolites found in human tissues and sera (1, 2, 4, 28,
29, 34, 35, 39—41, 44, 52, 53). While these studies have advanced
our understanding by identifying metabolic alterations caused by
virus infection, they lead to two questions: 1) do nutrients found
in human tissues and sera but absent from typical cell culture media
compensate and contribute to HCMV replication when some
metabolites are limited? and 2) do supraphysiological nutrient con-
centrations mask the contribution of some nutrients to HCMV
replication? We addressed these questions using a glucose-
independent model of HCMYV replication to demonstrate that viral
genome synthesis requires glucose but metabolites that support
upper glycolytic branches can compensate when glucose is limited
to restore viral genome replication and low levels of virus produc-
tion. Our data suggest that in glucose-limited conditions, ribose
feeds nucleotide synthesis and the PPP to support downstream
replication processes such as viral genome synthesis, viral protein
production, and protein glycosylation, resulting in a low but notable
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increase in virus production (Fig. 4E). Overall, our findings indicate
that HCMV successfully replicates in glucose-limited environments
by nutrient compensation that feeds metabolic pathways necessary
for replication.

In this study, we found that uridine partially restores viral
genome synthesis in glucose-free cultures (Fig. 2B). Uridine-
derived ribose 1-phosphate could restore viral genome synthesis
through its conversion to ribose 5-phosphate and then PRPP to
support both purine and pyrimidine synthesis (Fig. 4E). In sup-
port of this possibility, ribose supplement restored viral genome
synthesis to a similar level as uridine (Fig. 2E and S/ Appendix,
Fig. S3B). Similar to our observations, studies in cancer cell lines
demonstrated that uridine supports glucose-independent cell pro-
liferation and protects from glucose deprivation-induced cell death
through uridine phosphorylase activity and ribose 1-phosphate
release (47, 48, 54-58).

Compensation by uridine-derived ribose during glucose dep-
rivation could be a mechanism for how HCMYV successfully rep-
licates in glucose-limiting environments. When supplementing
with ribose directly, we found that in addition to restoring viral
genome synthesis (Fig. 2E and SI Appendix, Fig. S3B), ribose also
rescues glycosylated gB levels by 120 hpi (Fig. 3 D and E). This
restoration could occur through anabolic reactions that contribute
metabolites for UDP-GIcNAc synthesis through the hexosamine
pathway (Fig. 4E). Ribose rescue of nucleotide synthesis would
result in UTP availability for the last step of UDP-GlcNAc syn-
thesis. Ribose could also feed the non-oxidative branch of the PPP
that yields fructose 6-phosphate, which is the first substrate in the
hexosamine pathway. In support of this potential mechanism,
ribose 1-phosphate feeding non-oxidative PPP was found to be
necessary for cancer cell proliferation during glucose starvation
(47). Based on these studies, it is possible that ribose restoration
of gB glycosylation results from feeding non-oxidative PPP that
produces fructose 6-phosphate to support UDP-GIcNAc synthesis
and glycosylation during glucose limitation (Fig. 4E).

Ribose supporting the non-oxidative PPP would also support
lower glycolysis through the formation of glyceraldehyde 3-phosphate,
or potentially, support both upper and lower glycolysis by feedback
to glucose 6-phosphate via the enzyme glucose 6-phosphate isomer-
ase that converts fructose 6-phosphate to glucose 6-phosphate
(Fig. 4E) (47). Our data demonstrate that pyruvate supplement
failed to restore viral genome levels or virus production (Fig. 4 C
and D), indicating that restoring only lower glycolysis is not suffi-
cient to restore virus production in glucose-free conditions. Thus,
metabolites that support upper glycolytic branches are necessary for
HCMV virus production in glucose-limiting conditions (Figs. 2 C,
D, F, G, and J, 3G, and 44, and SI Appendix, Fig. S4 F-H). These
results indicate that a major role of glucose during HCMYV replica-
tion is support of viral genome synthesis and protein glycosylation,
and these processes are rate-limiting steps in glucose-independent
HCMYV replication.

Our data indicate that HCMV offers protection against glucose
deprivation-induced cytotoxicity (SI Appendix, Fig. S1A). This
observation was first reported by Chambers etal. (1). They
demonstrated that HCMYV increases anaplerotic glutamine con-
sumption, leading them to suggest that HCMYV infection pro-
motes cell survival in glucose-free conditions in part by increasing
glutamine utilization. Further, HCMV promotes cell survival in
times of stress by encoding several proteins to inhibit cell death,
including UL37x1 (vMIA) and UL38 proteins (59-63). These
viral proteins may restrict the induction or signaling that leads to
death in uninfected cells when glucose is not present.

In contrast to our data and the Chambers et al. study, work by
Raymonda et al. showed that mock-infected MRC5 fibroblasts
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starved of glucose remain viable, while HCMV-infected cells have
decreased viability by 48 hpi (3). There are several differences
between the Chambers and Raymonda studies, such as the pres-
ence or absence of fetal bovine serum (FBS), cell type, and assay
times as discussed in Raymonda et al. Our conditions of fully
confluent, serum-starved cells and a brief infection period (1 to 2
h) were similar to Raymonda et al., suggesting these conditions
are unlikely to be contributing to the death of HCMV-infected
cells observed during glucose starvation by Raymonda et al. but
not observed in our study or Chambers et al. The disparity in
phenotypes observed could be due to differences in the fibroblast
cells used: HFF versus MRC5 fibroblast cells. Additionally,
Raymonda etal. used the lab-adapted AD169 strain, whereas
Chambers et al. used Towne, and we used TB40/E. It is conceiv-
able that there are differences between the response of primary
human fibroblasts to glucose deprivation independent of infection
or differences in interactions between TB40/E or Towne and fibro-
blasts compared to AD169 and fibroblasts in glucose-limiting
conditions.

Chambers etal. and Raymonda etal. did not investigate
whether physiologically relevant nutrient compensation could
support glucose-independent virus replication. Importantly, our
findings reveal that the presence or absence of certain nutrients
impacts HCMYV replication in glucose-free conditions. In glucose-
rich conditions, glucose supplies nucleotide synthesis, glycosyla-
tion, and lipid synthesis (2, 4, 27-30, 35, 38—41). In this study,
we demonstrate that uridine and ribose can be used as an alterna-
tive nutrient source for nucleotide synthesis and glycosylation
which supports a partial restoration of infectious virus production
(Fig. 2 C, D, F, G, and J and SI Appendix, Fig. S4 F~H). However,
the lower level of infectivity in ribose-supplemented cultures com-
pared to glucose-replete (Fig. 2K) suggests that other components
of the viral particle (e.g., lipids found in the envelope) or the
assembly process (e.g., secondary envelopment and egress) remain
partially disrupted. It is unknown whether HCMV still promotes
lipid synthesis in the absence of glucose. However, Raymonda
et al. found that expression of HCMV UL38 protein in uninfected
cells promotes fatty acid synthesis during glucose deprivation sug-
gesting that in the absence of glucose HCMYV retains the ability
to reprogram host metabolism (3). Moreover, this finding would
suggest that HCMV can promote the synthesis of lipids needed
to build the virus envelope when glucose is limited. Since the
envelope is required for infectivity, promoting the synthesis of the
necessary lipids independent of glucose is consistent with the low
level of virus replication we found in ribose and uridine supple-
mentation. Our future studies will focus on the regulation of fatty
acid and lipid synthesis in nutrient-limited environments to define
whether HCMV can promote the use of alternative nutrients to
prioritize lipid metabolism during infection when glucose is
unavailable.

Our observations indicate that uridine compensates during
glucose starvation, yet uridine could also contribute to HCMV
replication in physiological glucose environments. Munger et al.
(35) demonstrated in high glucose cultures, uridine is decreased
by ~fourfold during HCMV replication compared to mock-
infected cells. While the authors attributed this decrease to only
nucleotide synthesis, it is plausible that uridine contributes ribose
for non-oxidative PPP, and subsequently, the hexosamine pathway
when glucose is at physiological concentrations in tissues or sera.
However, supraphysiological glucose levels in common types of
cell growth media may mask the contribution of uridine to this
process.

When evaluating the reduction in glycosylation in the absence
of glucose, we found that UDP-GIcNAc supplement alone only
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marginally increased gB glycosylation (Fig. 3 D and £). The lack
of full restoration of glycosylation by UDP-GIcNAc supplement
was not due to decreased late viral protein levels as UDP-GlcNAc
supplement alone partially restored these levels (Fig. 3 D and F
and SI Appendix, Fig. S4 A and B). UDP-GlcNAc likely restores
late viral protein production via rescue of viral genome synthesis
(SI Appendix, Fig. S4E). UDP-GIcNAc could contribute to viral
genome synthesis by producing UDP that feeds nucleotide syn-
thesis. Ribose and UDP-GlcNAc dual supplement increased gB
glycosylation more than UDP-GIcNAc supplement alone.
Moreover, dual supplement consistently restored virus production
greater than UDP-GIcNAc supplement alone, demonstrating that
UDP-GIcNAc supports viral replication better when ribose is
present in glucose-limiting conditions (Fig. 3G and S/ Appendix,
Fig. S4G). Overall, our findings suggest that when glucose is lim-
ited multiple nutrients can be reprioritized to support virus rep-
lication depending on the nutrients available in the extracellular
environment.

In this study, we used HCMYV replication in glucose-limiting
conditions to model how a virus can be successful in an envi-
ronment when an essential nutrient becomes limiting. We
demonstrate that a virus previously thought to require glucose
for its replication can replicate independent of glucose when
cultured with other physiologically relevant metabolites. When
in glucose-rich environments, HCMV-infected cells demand
glucose for optimal virus production as evidenced by increased
glucose uptake and glycolytic flux (2, 4, 28, 29, 34, 35). However,
we found that metabolites that feed upper glycolytic branches
compensate for glucose to support viral genome synthesis and
promote low, consistent levels of virus production (Figs. 2 C, D,
F, G, and /, 3G, and 44 and SI Appendix, Fig. S4 F-H). Our
findings reveal the importance of considering the metabolic
environment as we build better models to understand how
human-tropic viruses like HCMYV replicate in the natural host.
Further, our finding that nutrients thought to be essential for
virus replication are not required for low levels of infectious virus
production when physiologically relevant metabolites are present
may impact preclinical development of therapeutic strategies
that target metabolism for antiviral intervention. The metabolic
environment needs to be considered when performing experi-
ments in cell culture models of infection, including those eval-
uating metabolic interventions. Finally, low, yet persistent,
replication of HCMYV in the body’s metabolically diverse tissues
may have importance in the virus’s ability to spread and cause
disease in immunosuppressed individuals or during congenital
infection. Our results suggest that viruses may take advantage
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