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In this issue of Cell Host & Microbe, Hancock et al., 2020 show that latent HCMV infection, and specifically
miR-US5-2, induces TGF-b secretion, which inhibits myelopoiesis in uninfected HPCs. They also show
that HCMV-infected cells become resistant to TGF-b signaling through targeting of SMAD3 by miR-UL22-
A-3p and -5p.
Human cytomegalovirus (HCMV) infection

remains a major risk factor and negative

predictor for the outcomeof hematopoietic

stem cell transplantation (HSCT). In partic-

ular, reactivation and associated high viral

loads are highly predictive of myelosup-

pression and failed engraftment. However,

myelosuppression is also observed in

some patients despite treatment with anti-

viral drugs and reduced viral load (Ljung-

man et al., 2011; Yong et al., 2019).

In this impactful report by Hancock

et al., 2020, the authors systematically

examined the contribution of HCMV infec-

tion, and more specifically the role of

HCMV microRNAs (miRNAs), in inducing

myelosuppression in hematopoietic pro-

genitor cells (HPCs). To this end, an exper-

imental system in which CD34+ HPCs

were evaluated for myeloid colony forma-

tionwas used formuch of thework. After it

was verified that HCMV infection of HPCs
resulted in myelosuppression, virus-free

supernatants from infected cells were

tested for the ability to do the same. Trans-

fer experiments demonstrated that the su-

pernatants alone were sufficient to inhibit

colony formation, suggesting the pres-

ence of a secreted factor. Cytokine anal-

ysis revealed that transforming growth

factor b (TGF-b) alone was conveying

myelosuppression. Indeed, the addition

of a neutralizing antibody against TGF-b

to the supernatants from HCMV-infected

HPCs prevented inhibition of stem cell

growth. These data elegantly demon-

strated that HCMV exerts paracrine

effects on uninfected cells by inducing

TGF-b secretion.

Importantly, these experiments were

performed under culture conditions in

which HCMV establishes latency with no

detectable lytic replication. Next, the au-

thors aimed to identify latency-associated
viral gene products that induce TGF-b

expression and identified the miRNA

miR-US5-2 as the driving factor. Because

miRNAs function by downregulating

genes, it was apparent that miR-US5-2

was targeting a suppressor of TGF-b.

NAB1, the transcriptional repressor

NGFI-A binding protein, was identified as

a candidate target through bioinformatics

analysis. NAB1 negatively regulates

EGR1-mediated transcription of TGF-b.

In the presence of miR-US5-2, NAB1

expression was reduced. Furthermore,

NAB1 repression, either by miR-US5-2 or

a specific short hairpin RNA (shRNA), led

to increased secretion of TGF-b as well

as decreased expansion of CD34+ HPCs.

Another significant finding is that HPCs

infected with a mutant HCMV lacking

miR-US5-2 showed higher NAB1 expres-

sion, lower TGF-b secretion, as well as

restored proliferation and myelopoiesis.
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Figure 1. HCMV miRNAs Maintain a Balance between TGF-b Activation and Suppression
On the left (green), HCMV miR-US5-2 downregulates NAB1, thereby alleviating the NAB1-induced inhibition of TGF-b expression. This leads to an increase in
TGF-b secretion and the subsequent myelosuppression of neighboring uninfected cells. On the right (red), HCMVmiR-UL22A-3p and -5p downregulate SMAD3
and, as a result, make infected cells unresponsive to TGF-b, which supports the maintenance of latency.
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These experiments thoroughly demon-

strated that HCMV miR-US5-2 directly

targets NAB1, leading to the upregula-

tion of TGF-b and resulting in the

myelosuppression of neighboring unin-

fected cells.

Because the HCMV-dependent upre-

gulation of TGF-b affected uninfected

cells, the authors hypothesized that

HCMV-infected cells themselves may be

refractory to TGF-b to maintain HCMV la-

tency. To test this, HCMV infected HPCs

were stimulated with the cytokine and

then monitored for upregulation of a

TGF-b-responsive gene, SERPINE. They

found that the induction of SERPINE was

completely blocked in infected cells.

Furthermore, SMAD3, a signaling compo-

nent downstream of the TGF-b receptor,

could be downregulated by two additional

HCMV miRNAs, miR-UL22A-3p and miR-

UL22A-5p. Elegant viral genetics showed

that HPCs infected with a mutant virus

lacking both of these miRNAs responded

to TGF-b like mock-infected cells. Thus,

it was shown that direct repression of

SMAD3 by miR-UL22A-3p and miR-

UL22A-5p is responsible for the block in

TGF-b signaling in infected cells.
In summary, latent, not lytic, HCMV

infection, and more specifically the

expression of miR-US5-2 in primary HPC

cultures, induces the secretion of TGF-b,

which inhibits growth of uninfected cells,

thereby blocking myelopoiesis. In con-

trast, the infected cells are protected

from TGF-b by downregulation of SMAD3

by miR-UL22A-3p and -5p. Interestingly,

HCMV accomplishes both the positive

regulation of TGF-b synthesis and secre-

tion and the negative regulation of the

TGF-b signaling within infected cells by

utilizing latently expressed miRNAs. The

outcome of this ‘‘intracellular yin and

yang regulatory loop’’ (Figure 1) prevents

cell proliferation of uninfected cells in the

bone marrow microenvironment that sur-

rounds HCMV infected HPCs. This may

contribute to immune evasion and sup-

ports viral latency and persistence in the

host. Moreover, HCMV renders the cell re-

fractory to its own TGF-b, thus enabling la-

tency maintenance and subsequent

rounds of reactivation.

Inhibition of TGF-b signaling at multiple

levels during latency has also been re-

ported for Epstein-Barr virus (EBV) and

Kaposi’s sarcoma-associated herpes-
virus (KSHV), which are both associated

with tumorigenesis (Velapasamy et al.,

2018). Moreover, in addition to encoding

proteins that inhibit different arms of

the TGF-b signaling pathway, EBV and

KSHV also utilize miRNA-dependent inhi-

bition. Multiple KSHV miRNAs target

Tsp-1, which is required for TGF-b matu-

ration (Samols et al., 2007), and the

TGF-b type II receptor (TbRII) (Lei et al.,

2012) and two viral latency proteins

strongly activate the host miR-17-92 clus-

ter, which targets SMAD2 and completely

abrogates TGF-b signaling (Choi et al.,

2015). EBV targets the degradation of

SMAD4 through induction of the cellular

miRNA miR-146, which is regulated by

BARF-1-induced NFkB (Kim et al., 2016).

In many systems, TGF-b effects are often

specific to cell type and differentiation,

which sometimes leads to completely

opposite effects and is referred to as the

‘‘TGF-b paradox’’ (Derynck et al., 2001).

It is interesting to think, within this

context, that the induction of TGF-b

secretion has thus far only been observed

in HCMV-infected cells (Hancock et al.,

2020). Negatively targeting the TGF-b

pathway by multiple mechanisms,
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including post-transcriptional regulation

bymiRNAs, has been conserved between

herpesviruses. This may suggest that the

positive arm of the HCMV intracellular

yin and yang regulatory loop (Figure 1)

has yet to be discovered for EBV

and KSHV.

With respect to HSCT and solid organ

transplantation, the observation that

HCMV latency can induce myelosuppres-

sion represents a major paradigm shift

from our current understanding of how

HCMV negatively affects transplant out-

comes. Indeed, current treatment targets

reactivation, because high viral load is

thought to be the only major predictor

for negative outcomes. Hence, nearly

80% of patients receive antiviral drugs

like ganciclovir that target lytic HCMV

replication but also have myelosuppres-

sive adverse effects. However, a sizable

fraction of patients with suppressed mye-

lopoiesis do not present with high HCMV

titers (Ljungman et al., 2011; Yong et al.,

2019). The data presented by Hancock

et al., 2020 have clinical significance for

these patients andmay warrant the devel-

opment of biomarkers to estimate the
10 Cell Host & Microbe 27, January 8, 2020
latency reservoir (i.e., the number of

latently infected HPCs) as well as TGF-b

levels, which could serve as novel pre-

dictive markers for outcome after bone

marrow transplantation. Moreover, this

work strongly suggests that the develop-

ment of novel therapeutic strategies tar-

geting latent HCMV infection is important,

especially in transplant settings.
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