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V I R O L O G Y

Cytomegalovirus US28 regulates cellular EphA2 
to maintain viral latency
Amanda B. Wass1,2†, Benjamin A. Krishna1,2†‡, Laura E. Herring3,4, Thomas S. K. Gilbert4, 
Masatoshi Nukui1,2§, Ian J. Groves1,2,5, Abigail L. Dooley1,2,5, Katherine H. Kulp1,2,  
Stephen M. Matthews1,2, Daniel M. Rotroff6,7, Lee M. Graves4, Christine M. O’Connor1,2,5*

Cytomegalovirus (CMV) reactivation from latency following immune dysregulation remains a serious risk for 
patients, often causing substantial morbidity and mortality. Here, we demonstrate the CMV-encoded G protein–
coupled receptor, US28, in coordination with cellular Ephrin receptor A2, attenuates mitogen-activated protein 
kinase signaling, thereby limiting viral replication in latently infected primary monocytes. Furthermore, treatment 
of latently infected primary monocytes with dasatinib, a Food and Drug Association–approved kinase inhibitor 
used to treat a subset of leukemias, results in CMV reactivation. These ex vivo data correlate with our retrospective 
analyses of the Explorys electronic health record database, where we find dasatinib treatment is associated 
with a significant risk of CMV-associated disease (odds ratio 1.58, P = 0.0004). Collectively, our findings elucidate 
a signaling pathway that plays a central role in the balance between CMV latency and reactivation and identifies 
a common therapeutic cancer treatment that elevates the risk of CMV-associated disease.

INTRODUCTION
Human cytomegalovirus (CMV) establishes persistent, lifelong in-
fections, supported by latency, wherein the viral genome is maintained, 
with limited production of infectious virus. Undifferentiated hema-
topoietic progenitor and circulating myeloid cells support latent in-
fection, and reactivation from latency occurs under specific conditions 
associated with immunosuppression, cellular differentiation, and 
inflammation (1). While mostly asymptomatic in healthy individuals, 
CMV infections are a major clinical threat to the immunocompromised, 
immunonaïve, and immunosuppressed, including an increasing num-
ber of organ transplant recipients (2). Reactivation during times of 
immunosuppression leads to widespread viral dissemination, often 
causing severe morbidity and mortality. In addition to immune 
suppression, it is also possible that certain therapeutic interventions 
unintentionally foster an environment favoring CMV reactivation. 
Thus, understanding the latent and reactivation phases of infection 
at a molecular level may inform treatment. For example, leukemia 
patients treated with dasatinib, a tyrosine kinase inhibitor, follow-
ing hematopoietic stem cell transplant (HSCT) have a significant 
increase in CMV reactivation. The mechanism by which this occurs 
is unknown, although the cellular targets of dasatinib, including 
Src and the membrane-bound receptor tyrosine kinase (RTK) Ephrin 
receptor A2 (EphA2), may provide clues. Both of these host proteins 

modulate mitogen-activated protein kinase (MAPK) signaling; activated 
Src up-regulates MAPK kinase (MEK)/extracellular signal–regulated 
kinase (ERK) via Ras/Raf activation (3), and conversely, EphA2 for-
ward signaling attenuates ERK1/2 activity (4). As a result, EphA2 
regulates a variety of cellular processes including integrin-mediated 
adhesion, proliferation, and development (5). Presumably, dasatinib- 
mediated Src and EphA2 inhibition would thus lead to activation of 
MEK/ERK signaling, thus representing an additional mechanism 
by which these host proteins regulate CMV reactivation.

One of four CMV-encoded G protein–coupled receptors (GPCRs), 
US28 is a potent signaling molecule, expressed during both lytic and 
latent infection. We and others previously identified the requirement 
for US28 in both the establishment and maintenance of latency (6–14). 
US28’s functions during latency are multifaceted, including mono-
cyte reprogramming (14), disruption of DNA sensing pathways (7), 
and modulation of host factors that regulate the major immediate 
early (MIE) enhancer/promoter locus, whose repression is critical 
for latency (15). US28 promotes association of repressive factors at 
the MIE locus, such as heterochromatin protein-1 (11) and CCCTC- 
binding factor (6), yet attenuates proactivation factors, such as acti-
vator protein-1 (AP-1) via down-regulation of the AP-1 subunit, 
c-Fos (10). This is a critical step in silencing the MIE enhancer/
promoter, as recruitment of AP-1 to this locus leads to its activation 
and subsequent viral reactivation (16). While the mechanism(s) under-
lying US28-mediated AP-1 attenuation remain outstanding, MEK/
ERK signaling regulates downstream c-Fos. Thus, as a cell surface 
signaling protein, it is possible US28, in conjunction with EphA2, re-
sults in attenuated MEK/ERK–c-Fos signaling, thereby supporting 
a cellular environment favoring viral latency.

Here, we show that US28 attenuates the Src-MEK/ERK–c-Fos 
signaling axis in coordination with EphA2. Using parallel, unbiased 
mass spectrometry (MS)–based proteomics, we find US28 up- regulates 
and interacts with EphA2, ultimately resulting in diminished 
activity of Src, MEK, ERK, and c-Fos, each of which we show must 
be attenuated to maintain viral latency. Furthermore, pharma-
cological inhibition of this pathway in wild type (WT)–infected 
cells prevents viral reactivation, despite stimulation with cytokines 
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that trigger CMV reactivation. Genetic knockdown or pharmaco-
logical inhibition of EphA2 with dasatinib results in up-regulation 
of active forms of Src and MEK/ERK in monocytic cells. In line with 
this, dasatinib treatment of infected primary CD14+ cells results in 
CMV reactivation even in the absence of external reactivation stim-
uli. This is consistent with our retrospective analysis of the Explorys 
de-identified electronic health record (EHR) clinical database that 
reveals a correlation between dasatinib treatment and CMV-associated 
disease. Collectively, our findings elucidate a signaling pathway that 
plays a central role in the balance between CMV latency and reacti-
vation and identifies an increase in the odds for CMV reactivation 
in an at-risk population.

RESULTS
US28 modulates Src-MEK/ERK activity during CMV 
latent infection
Our previous findings revealed US28-mediated signaling promotes 
CMV latency by suppressing c-Fos at both the transcriptional and 
posttranslational levels during latent infection, thereby prevent-
ing the AP-1 transcription factor complex from binding and ac-
tivating the MIE enhancer/promoter (10). Since MAPK signaling 
activates c-Fos (17), we hypothesized that US28 signaling attenuates 
the MAPK pathway to ultimately reduce activated c-Fos. To test this, we 
used THP-1 monocytic cells to stably express wild type US28 (10) or 
two US28 signaling mutants, US28-R129A or US28-N, each under 
the control of a doxycycline (DOX)–inducible promoter. The R129A 
mutation in the “DRY” motif renders US28 incapable of coupling 
G proteins and, thus, is considered a signaling deficient mutant (18). 
US28-N lacks amino acids 2 to 16, resulting in a US28 mutant 
unable to bind several of its known ligands (18), thus allowing us to 
assess the requirement for ligand engagement. Using these cell lines, 
we evaluated phosphorylated and total forms of proteins in the 
MAPK-Fos pathway. We also evaluated Src, a cellular kinase that 
regulates MEK/ERK signaling upstream and plays a role in CMV 
reactivation in dendritic cells (19). US28 expression attenuates MEK1/2 
and ERK1/2 activity (Fig. 1A), the latter of which is consistent with 
previous data in the same cells expressing constitutively expressed 
US28 (11). Also in response to US28 expression, Src Tyr416 phos-
phorylation is diminished, while Src Tyr527 phosphorylation is in-
creased (Fig. 1A), indicative of inactive Src (3). In accordance with 
our previous findings (10), both phospho- and total-c-Fos are re-
duced following WT US28 expression. While DOX treatment alone 
increases both active and total forms of c-Fos (10, 20, 21), robust 
expression of US28 impairs this up-regulation (Fig. 1A). Expression 
of each of the two signaling mutants, as indicated by the FLAG epi-
tope tag, does not modulate the activity of Src, MEK1/2, ERK1/2, or 
Fos when compared to wild type US28 (Fig. 1A). We also confirmed 
the inhibition of this pathway in the context of CMV infection by 
assessing the activity of ERK as a downstream effector in the MAPK 
pathway. TB40/EmCherry (WT)–infected CD14+ cells display an 
increase in phospho-ERK relative to mock-infected cultures (Fig. 1B), 
consistent with previous reports in CD34+ hematopoietic progeni-
tor cells (HPCs) (19). However, infection with a virus in which we 
deleted the entire US28 open reading frame (ORF), TB40/EmCherry- 
US28 (US28) (22), results in further augmentation of ERK phos-
phorylation when compared to WT-infected CD14+ cells. This finding 
highlights the fact that signaling is not binary, and intermediate 
activity of signaling proteins has measurable effects on the host cell 

environment. In this case, the increase in phospho-ERK we observe in 
US28-infected cells is concomitant with an infection that instead favors 
lytic replication, as indicated by immediate early 1 (IE1) expression, 
a CMV- encoded immediate early protein highly expressed during lytic, 
but not latent, infection (Fig. 1B). Collectively, these findings suggest 
that US28-mediated attenuation of Src-MEK/ERK–c-Fos signaling 
requires both its ligand binding domain and G protein–coupling motif.

Our above data reveal US28 down-regulates MAPK signaling in 
hematopoietic cells, and since we and others have shown a require-
ment for US28  in maintaining latency (7, 8, 10–14), we hypothe-
sized that US28 regulates the MAPK pathway to aid in maintaining 
viral latent infection in CD14+ monocytes. To this end, we infected 
primary CD14+ cells with either WT or US28 under latent conditions 
(latency media), then treated cells from each infection with targeted 
inhibitors of ERK1/2 (SCH772984; 125 nM), MEK (selumetinib; 
0.5 M), or Src (PP2; 10 M) (fig. S1, A to F). We maintained these 
cultures in medium that supports latency (latency media) or condi-
tions that favor reactivation (reactivation media) and measured the 
frequency of infectious centers by extreme limiting dilution analysis 
(ELDA), the gold standard for ex vivo CMV latency studies. Consist-
ent with previous findings (7, 8, 10–14), US28- infected cells fail 
to maintain viral latency (Fig. 2 and fig. S1G). However, the addi-
tion of each inhibitor resulted in a significant reduction in infectious 
center frequencies in the US28 infections, to levels similar to those 
observed for WT latently infected cells. In addition, the presence of 
the targeted inhibitors significantly impaired viral reactivation from 

Fig. 1. US28 attenuates the Src-MAPK-Fos signaling pathway in a ligand- and 
G protein–dependent manner. Phosphorylated (p) and total (t) forms of the indi-
cated proteins were assessed by immunoblot. (A) THP-1 cells transduced with pSLIK 
empty vector control (EV), pSLIK-US28-3xF (US28), pSLIK-US28-R129A-3xF (R129A), 
or pSLIK-US28-N-3xF (N) were treated for 24 hours with vehicle (−DOX) or DOX 
(+DOX). (B) CD14+ cells were infected with WT or US28 (MOI = 1.0 TCID50 per cell) 
and sorted by FACS at 1 dpi for mCherry expression. Parallel mock-infected cultures 
were sorted for the total live cell population as a control. Cells were cultured under 
latent conditions and harvested 7 dpi. IE1 is shown as a marker of lytic infection. 
(A and B) Representative blots shown; n = 3 biological replicates.
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latency for both WT and US28 infections (Fig. 2 and fig. S1G). 
Together, these results suggest US28 attenuates the Src-MAPK sig-
naling axis during latency, whose activation is critical for CMV 
reactivation.

US28 up-regulates and interacts with cellular EphA2 during 
latent infection
To define the underlying mechanism by which US28 modulates MAPK 
signaling during latency, we used two unbiased approaches to (i) 
profile kinome changes in response to US28 expression and (ii) de-
fine US28 interacting partners that could influence its function(s). 
First, we evaluated changes in the cellular kinome in response to US28 
expression in THP-1 monocytic cells compared to control cells using 
multiplexed kinase inhibitor beads coupled with MS (MIBS-MS) to 
quantitatively measure kinase expression and abundance (23, 24). 
Overall, we quantified 174 kinases, and we found that US28 signifi-
cantly dysregulates 59 kinases at 2 hours and 85 kinases at 6 hours 
after DOX treatment (Fig. 3, A and B, and data S1). Notably, we 
observed a reduction in multiple MAPK pathway components, in-
cluding significant attenuation of MEK family members, including 
MEK2, as well as ERK1 and ERK2. MEK1 abundance was also re-
duced, but the levels of inhibition did not meet our stringent cutoff 
criteria for significance (data S1). US28 expression also resulted in a 
significant increase in EphA2 (Fig. 3, A and B, and data S1), whose 
forward signaling results in attenuation of MAPK activity (4, 25, 26). 
EphA2 is also a target of dasatinib, a second-line therapeutic adminis-
tered to patients with Philadelphia chromosome–positive (Ph+) acute 
lymphoblastic leukemia (ALL) and chronic myeloid leukemia (CML). 
In a small retrospective study of patients with Ph+ ALL and CML 
after allogeneic HSCT, dasatinib treatment correlated with increased 
CMV reactivation (27). Given these data and the coincident down- 
regulation of MAPK pathway proteins we observed in our dataset, 
we focused on EphA2 as a potential contributor to this process. 
Latent infection of primary CD14+ cells with WT virus induced EphA2 
expression and phosphorylation as early as 2 days post infection 

(dpi), which, although diminished, remained elevated through 7 dpi 
(Fig. 3C). In contrast, CD14+ cells infected with US28 virus displayed 
significantly reduced EphA2 expression and activity through 7 dpi 
(Fig. 3C), consistent with the timing of phospho-ERK up-regulation 
(Fig. 1B). These data suggest US28 up-regulates EphA2 during latent 
infection.

In addition to up-regulating and activating EphA2, we also found 
that US28 physically interacts with this cellular protein. We lever-
aged proximity labeling technology (28), whereby we inserted the 
biotin ligase gene, birA, conjugated to a C-terminal hemagglutinin 
(HA) epitope tag in-frame with the US28 ORF to generate TB40/E-
mCherry-US28-bioID-HA (US28-bioID-HA; fig. S2). We then infected 
fibroblasts with US28-bioID-HA, added biotin 18 hours before har-
vesting the cells at 48 hours post-infection (hpi), and analyzed the 
biotin-conjugated proteins following streptavidin capture by affinity 
purification-MS (AP-MS). After eliminating proteins designated as 
likely contaminants based on comparison to the CRAPome (29), 
our analysis revealed a total of 261 proteins, of which 224 cellular 
and 9 viral proteins, including EphA2, were statistically significant 
(Fig. 3D and data S2). Since we also identified EphA2 in our kinome 
analysis, we focused on this RTK as a potential US28 binding partner 
and confirmed the US28:EphA2 interaction in the context of both 
lytic and latent infection. To this end, we used a viral recombinant; 
three tandem FLAG epitopes were inserted in-frame at the US28 
C terminus, TB40/EmCherry-US28-3xF (US28-3xF) (22), to infect 
primary fibroblasts (lytic) or primary CD14+ monocytes (latent). In 
the context of lytic (Fig. 3E) and latent (Fig. 3F) infection, we con-
firmed EphA2 interacts with US28 by coimmunoprecipitation (co-IP). 
Collectively, these data demonstrate US28 up-regulates and interacts 
with cellular EphA2.

EphA2 represses Src-MEK/ERK-Fos signaling 
in monocytic cells
We next confirmed that EphA2 attenuates MAPK signaling in cells 
that support CMV latency using genetic and pharmacological ap-
proaches in parallel. EphA2 knockdown in THP-1 cells (Fig. 4A and 
fig. S4A) displayed a significant up-regulation of activated forms of 
Src (Tyr416) and ERK, as well as active and total c-Fos, compared to 
control cells (Fig. 4A), suggesting that EphA2 regulates this pathway, 
consistent with previous findings in nonhematopoietic cell types (4). 
This is similar to our observations in THP-1 cells that express the 
US28 signaling mutants, US28-R129A or US28N (Fig. 1A). While 
THP-1 cells are an accepted model system for some aspects of CMV 
latency, a major drawback of these cells is their inefficient support 
of viral reactivation (30). Thus, as a surrogate for latency and reactiva-
tion, we evaluated UL123 transcription, as this viral gene is significantly 
repressed during latent infection, yet robustly expressed from the MIE 
locus during lytic replication [e.g., (10, 11, 30)]. While EphA2 knock-
down had no impact on viral lytic replication (fig. S5), knockdown 
in THP-1 cells correlated with a significant up-regulation of UL123 
expression compared to control THP-1 cells (fig. S4B), suggesting 
that reduced EphA2 expression fails to repress MIE-driven lytic gene 
transcription during WT latent infection. Collectively, these data sug-
gest EphA2 expression aids in the repression of the Src-MAPK-c-Fos 
signaling axis to maintain the repression of lytic gene expression.

Dasatinib induces CMV reactivation
While our data suggest that EphA2 activity functions in maintaining 
viral latency, the THP-1 model system limits our ability to effectively 

Fig. 2. Pharmacological inhibition of Src-MEK/ERK suppresses reactivation in 
WT-infected CD14+ cells. CD14+ cells were infected (MOI = 1.0 TCID50 per cell) 
with WT or US28 for 7 days and then treated with the indicated compounds (see 
also fig. S1, A to F) under conditions that favor latency (latency media, open bars) 
or reactivation (reactivation media, checked bars). The frequency of infectious cen-
ters was evaluated, and data are plotted as fold change in frequency of infectious 
centers relative to latent, WT-infected cells (open gray bar). Each data point (circles) 
denotes the mean of three technical replicates (see fig. S1G). Error bars indicate the 
SD of three biological replicates. Statistical significance was calculated by two-way 
analysis of variance (ANOVA) with Tukey’s test for multiple comparisons. **P < 0.01, 
***P < 0.001.
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evaluate viral reactivation. Thus, we used a second approach to 
assess EphA2’s impact on MAPK signaling in primary cells. To this 
end, we used the pharmacological inhibitor, dasatinib, which targets 
specific kinases, including EphA2 and Src, in turn leading to down-
stream EphA2-mediated MAPK activity in CML and AML cells in 
culture (31, 32). Dasatinib treatment is implicated in reactivation of 
CMV following HSCT (27). Treatment of primary CD14+ cells with 
dasatinib resulted in an increase in active forms of both Src (e.g., 
SrcY416) and ERK (Fig. 4B and fig. S6A). Phosphorylation of SrcY527, 
which is associated with an inhibitory form of this protein, remains 
unchanged in dasatinib-treated primary CD14+ cells (Fig. 4B). To 
further evaluate the contribution of EphA2 activity to MAPK sig-
naling during CMV latency, we assessed latency and reactivation in 
primary cells. Dasatinib treatment of WT latently infected CD14+ 
cells for 24 hours resulted in an increase in ERK and Fos activity 
(Fig. 5, A and B) and an increase in IE1 expression (Fig. 5B). This 
correlated with a significant increase in infectious center frequency, 

similar to levels we observe in WT-infected cells cultured in reacti-
vation medium without dasatinib treatment (Fig. 5C and fig. S6B). 
Patients receiving a daily dasatinib dose of 100 mg result in an average 
plasma exposure of 813.5 nM/hour, based on the area under the plasma 
drug concentration time curve (AUC) of 397 ng/ml per hour indi-
cated in the drug package insert. Thus, the concentration we used 
(0.5 M), which results in CMV reactivation ex vivo, is below the 
exposure level observed for patients receiving the recommended 
starting dosage for adults. These findings suggest that treatment of 
latently infected CD14+ cells with dasatinib results in MAPK activa-
tion and positively influences CMV reactivation from latency.

Last, to determine the association between dasatinib treatment and 
CMV reactivation during natural infection, we performed a retro-
spective cohort analysis of U.S.–based health care systems participating 
in the Explorys database. To this end, we assessed de-identified, ag-
gregated EHRs by searching for patient medication with the term, 
“dasatinib,” which yielded 3230 patient records, a significant increase 

Fig. 3. US28 interacts with EphA2 and increases its protein levels. (A and B) pSLIK empty vector (EV) control or pSLIK-US28 (US28)–expressing THP-1 cells were treated 
+DOX for (A) 2 hours or (B) 6 hours. MIB-MS was used to analyze the global kinome in response to US28 expression (data S1). Ratios (pSLIK-US28/pSLIK-control) were 
calculated by dividing LFQ intensities of each kinase and then log2-transformed. Identified kinases are shown as data points: blue, P < 0.05; green, P < 0.05 and log2 fold 
change >1 or <−1; orange, EphA2 (P < 0.05 and log2 fold change >1). Data point size correlates to degree of significance, where the larger data points are more statistically 
significant. (C) CD14+ monocytes were mock-, WT-, or US28-infected (MOI = 1.0 TCID50 per cell) under latent conditions for 2 or 7 days, then assessed for phosphorylated 
(p-) and total (t-) EphA2; expression of each was quantified by densitometry relative to actin (values noted below each blot). (D) AP-MS/MS data of NuFF-1 cells infected 
with TB40/EmCherry-US28-BirA-HA (MOI = 1.0 TCID50 per cell; see also fig. S2) at 48 hpi. Green data points, FDR-corrected q < 0.05 (−log10 > 1.3, denoted by the dashed line); 
gray data points, not significant; orange data point, EphA2; purple data point, US28 (each q < 0.05; −log10 > 1.3). See also data S2. (E and F) IP-Western of (E) NuFF-1 cells 
lytically infected with TB40/EmCherry-US28-3xF (US28-3xF; MOI = 1.0 TCID50 per cell, 2 dpi) or (F) CD14+ monocytes latently infected with US28-3xF (MOI = 1.0 TCID50 per 
cell, 7 dpi). (E and F) I, input; U, unbound; 1, wash no. 1; 4, wash no. 4; IP, immunoprecipitated sample. Top: IP, EphA2 (red label); Western blot, FLAG (blue label). Bottom: 
IP, FLAG (red label); Western blot, EphA2 (blue label). IgG control IPs are shown in fig. S3. (A, B, and D) n = 2 biological replicates; (C, E, and F) representative blots shown; 
n = 3 biological replicates.
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over a prior study that targeted a small (n = 21) subset of Ph+ ALL 
and CML HSCT patients receiving this treatment (27). These records 
were then cross-referenced by diagnoses of “viral disease” and/or 
“infection” by searching against those patients diagnosed with each 
human herpesvirus (HHV) (Fig. 5D and tables S1 and S2). Consistent 
with previous findings (27), patients treated with dasatinib demon-
strated a significantly higher risk for CMV-associated disease [odds 
ratio (OR), 1.58; 95% confidence interval (CI), 1.246 to 2.002; false 
discovery rate (FDR) P value = 0.0004] when compared to disease 
outcomes associated with each of the other HHVs (Fig. 5D and 
tables S1 and S2). These data also suggest that dasatinib treatment 
results in reduced risk of disease due to Epstein-Barr virus (EBV: 
OR, 0.06; 95% CI, 0.038 to 0.907; FDR, P value = 0.0003) or varicella 
zoster virus (VZV: OR, 0.05; 95% CI, 0.041 to 0.053; FDR, P value = 
0.0003; Fig. 5D). While there were not enough patient data to eval-
uate a possible correlation between dasatinib and disease due to HHV-
7 or HHV-8/Kaposi’s sarcoma–associated herpesvirus (KSHV), we 
found no correlation between treatment with this inhibitor and 
HHV-6, herpes simplex virus-1 (HSV-1), or HSV-2 (Fig. 5D and 
tables S1 and S2). Collectively, these findings suggest that compared 
to other HHVs, dasatinib treatment poses a unique risk for CMV 
reactivation and disease during natural infection.

DISCUSSION
Here, we identified a previously unknown mechanism by which CMV 
US28 maintains latency. During latent infection of monocytic cells, 
US28 interacts with EphA2, thereby attenuating Src-MAPK-Fos 
activity. Pharmacological inhibition of EphA2 with dasatinib or ge-
netic disruption of this host RTK activates Src-MAPK-Fos signaling 
and promotes viral reactivation, which is phenotypically similar to 
infection with a US28 deletion virus. Consistent with these molecular 

findings, a retrospective analysis of patient data in the Explorys 
Database reveals that CMV-associated disease is significantly increased 
over other herpesvirus-associated maladies in patients treated with 
dasatinib. Collectively, our data point to a mechanism by which US28 
regulates the cellular RTK, EphA2, to coordinate Src-MAPK–c-Fos 
down-regulation, thereby securing viral latency.

A number of viruses use Eph receptors and their respective ephrin 
ligands and/or Eph-ephrin signaling to promote infection (33). EphA2, 
in particular, is an entry receptor for the gammaherpesviruses, EBV 
and KSHV, via viral gH/gL heterodimers that complex with EphA2’s 
ligand binding domain (33–36). This could explain why dasatinib 
treatment has lower odds of association with disease due to EBV 
(Fig. 5D). While EphA2 as a receptor for CMV has not been directly 
assessed, this cellular RTK is significantly up-regulated following 
CMV lytic infection of fibroblasts (23). However, EphA2 knockdown 
in fibroblasts had no impact on cell-free or cell-associated virus 
production (fig. S5), suggesting that a reduction in this protein does 
not affect viral entry. It is possible, however, low EphA2 levels that 
remain in our knockdown fibroblast cells are sufficient to allow 
for CMV entry, warranting further interrogation. Nonetheless, while 

Fig. 4. EphA2 regulates Src-ERK-Fos activity in monocytic cells. Immunoblot of 
the indicated proteins (p, phosphorylated; t, total). (A) Nontargeted control (NTC) 
shRNA or EphA2 shRNA#1 stably transduced THP-1 cells. (B) Primary CD14+ cells 
treated with dasatinib (0.5 M) or vehicle (DMSO, − dasatinib) for 24 hours. (A and 
B) Representative blots are shown; n = 3 biological replicates.

Fig. 5. Dasatinib induces CMV reactivation in latently infected cells and cor-
relates with greater risk for CMV-associated disease. (A to C) CD14+ cells were 
infected with TB40/EmCherry (WT; MOI = 1.0 TCID50 per cell) under latent conditions 
for 7 days. Immunoblot of (A) phospho- and total-ERK or (B) IE1, phospho-, and 
total-Fos after treatment with dasatinib (0.5 M) or vehicle (DMSO; − dasatinib) for 
24 hours. (B) Expression of IE1 was quantified relative to actin. Expression of phospho- 
Fos was quantified by densitometry relative to total-Fos first, then actin. Values 
are noted below each blot. (A and B) Representative blots shown; n = 3 biological 
replicates. (C) At 7 dpi, infected cells were either maintained in media promoting 
latency (latency media, black bars) or cultured in cytokine-rich media to promote 
reactivation (reactivation media, red bars) in the presence of either DMSO or dasatinib 
(0.5 M, see also fig. S6A). The frequency of infectious centers was quantified by 
ELDA. Each data point (circles) denotes the mean of three technical replicates (fig. S6B). 
Error bars indicate the SD of three biological replicates. Statistical significance was 
calculated by two-way ANOVA with Tukey’s test for multiple comparisons. *P < 0.048, 
**P = 0.009, ns = not significant. (D) The Explorys EHR database was used to perform 
a retrospective analysis on viral disease outcome for patients treated with dasatinib. 
ORs and 95% CIs were determined by Fisher’s exact test. Statistical tests were adjusted 
for multiple testing using the Benjamini-Hochberg FDR approach (85), and FDR P < 0.05 
was used as a threshold for significance (shown on the right). ND, not determined.
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EphA2 appears to function differently in the context of gammaher-
pesviral infections, our findings indicate this RTK is important for 
CMV latency.

How does CMV or, more specifically, US28, regulate EphA2? Our 
data reveal that US28 not only up-regulates EphA2 but also physi-
cally interacts with this cellular RTK. Similar to EBV and KSHV gH/gL, 
perhaps US28 binds EphA2 upon virion attachment, thereby trig-
gering its activation. US28 is incorporated into the mature viral par-
ticle and is expressed immediately upon infection of hematopoietic 
cells, which aids in the establishment of latency (8, 10). While CMV 
may not use EphA2 as a cellular receptor for binding/entry, US28’s 
interaction with EphA2 could occur as early as virion attachment to 
the host cell membrane, triggering signaling events that favor laten-
cy. Alternatively, perhaps US28 and EphA2 oligomerize, in turn al-
tering their signaling properties in an independent and/or collective 
fashion. Such physical interactions between RTKs and GPCRs are 
not without precedent [e.g., (37)]. In addition, bidirectional trans-
activation between GPCRs and RTKs is also well established. Adap-
tor proteins, such as Src, impart cross-talk between these receptor 
families (38), which could further explain a role for Src in our data. 
G proteins and -arrestins certainly regulate GPCR signaling, but 
emerging data suggest that they can affect RTK activity as well (39). 
Future work aimed at these biochemical and molecular details will 
undoubtedly strengthen our understanding of the mechanisms un-
derpinning EphA2 regulation during CMV infection, in addition to 
the cross-talk between this cellular RTK and the viral GPCR, US28.

US28’s engagement of EphA2 to thereby regulate signaling and 
ultimately repress the MIE enhancer/promoter is likely specific to 
cells that support latent infection. US28 is dispensable for efficient 
IE1/2 expression (22, 40, 41) and viral replication (12, 14, 22, 42–44) 
in a variety of cells that support lytic infection. These findings sug-
gest that US28 functions in a cell type– and perhaps infection type–
specific manner. Such specificity likely also applies to the cellular 
factors CMV regulates, as EphA2, like US28, is important for latency, 
yet is not required for lytic infection (fig. S5). US28, as with other 
latently expressed CMV-encoded proteins, is also expressed during 
lytic infection. Understanding how US28 switches from potentiating 
pro-latency signaling to that which favors reactivation and lytic in-
fection is of great interest and a focus of our ongoing work in this area. 
Undoubtedly, understanding such nuances will inform key steps in 
the latent-to-lytic switch and provide insight into the host-pathogen 
relationship across cell types critical for CMV pathogenesis.

Our retrospective analysis of the Explorys EHR database indi-
cates that the relative odds of CMV reactivation following dasatinib 
treatment are significantly increased, supported not only by our 
mechanistic studies in vitro but by others’ published work. Approved 
since 2006, dasatinib is used to treat Ph+ CML in chronic phase or 
as a second-line therapeutic for patients with Ph+ CML or Ph+ ALL 
who no longer tolerate or respond to other treatments, such as imatinib 
and nilotinib. Investigators noted the possibility for herpesvirus re-
activation following dasatinib treatment soon after it was approved 
for clinical use (45). In addition to the work from Prestes and col-
leagues highlighted above (27), studies from other groups revealed 
that patients with chronic phase CML treated with dasatinib devel-
oped CMV-induced hemorrhagic colitis (46–48). Other reports of 
CMV-associated disease in patients treated with dasatinib have been 
published, including CMV colitis in patients with chronic CML and 
acute ALL (49) and patients with Ph+ ALL after HSCT (50), as well 
as CMV hepatitis in a pediatric patient with CML (51). Of note, however, 

these prior studies are either case reports, often only including data 
from a single patient, or detailed findings from a small cohort of 
patients who received dasatinib [e.g., 21 of 109 total patients, (27)]. 
This led to the speculation that CMV reactivation was not necessarily 
due to dasatinib itself but rather the impact on immune suppression. 
Several groups have reported that dasatinib treatment suppresses 
natural killer (NK) and T cell functions [e.g., (52–57)]. Large granular 
lymphocytes (LGLs), morphologically distinct yet phenotypically 
heterogeneous lymphocytes composed of NK and/or T cells, are ex-
panded with dasatinib treatment and are associated with favorable 
clinical outcomes (58–60), indicating an interesting paradox between 
dasatinib-induced immunosuppression and dasatinib-induced LGL 
expansion. Despite enhanced therapeutic response in some leuke-
mic patients, in a small cohort study of 25 dasatinib-treated patients 
with ALL and CML, Kreutzman and colleagues (61) found that 
dasatinib-induced LGL expansion correlated with CMV reactivation. 
These data are in contrast to a separate analysis in a similar-sized 
cohort, in which the authors concluded that CMV reactivation was 
uncommon despite LGL expansion. However, only 2 of 25 patients 
were CMV immunoglobulin G positive (IgG+) (62) versus 15 in the 
earlier study (61), which could account for differences in reactiva-
tion numbers. It is certainly possible that the mechanism by which 
dasatinib induces reactivation is a combination of immune dysregu-
lation coupled with the coordinated attenuation of MAPK signaling 
by US28 and EphA2. Furthermore, dasatinib also targets the non-
RTK, ABL1, which is also up-regulated following US28 expression 
(data S1). ABL1’s function during CMV reactivation is unknown, 
although treatment of lytically infected fibroblasts with imatinib 
impairs CMV replication (63). Understanding this kinase in the con-
text of CMV latency and reactivation, especially in the context of 
Ph+ ALL or CML, is the aim of future work. In addition, it is 
important to point out that while our data show that the relative 
increase in CMV reactivation in patients is significantly increased 
with dasatinib treatment, it is clear that not all individuals receiving 
this drug will suffer from complications due to CMV. This suggests 
other biological and epidemiological variables may contribute to CMV 
reactivation in a subset of patients receiving dasatinib. Nonetheless, 
our findings, coupled with other reports in the literature, suggest pa-
tients undergoing dasatinib treatment should be monitored closely 
for CMV reactivation and disease.

As a therapeutic approved for use in cancer patients, much of the 
molecular characterization of dasatinib has been performed using 
cancer cell lines. From work from multiple groups, it is evident that 
dasatinib’s impact on cell signaling is tissue and cell type specific 
(26, 31, 64–68). For example, in breast cancer (66, 67) and uterine 
cancer (68) cell lines, dasatinib-mediated EphA2 inhibition results 
in a reduction of phospho-ERK. Conversely, dasatinib inhibits ac-
tive EphA2 and phospho-Src at Tyr527 (the inhibitory phospho site), 
concomitant with a slight increase in activated ERK in papillary 
thyroid carcinoma–derived cell lines (65). In the HL60 cell line, which 
was established from an AML patient, dasatinib induces cellular dif-
ferentiation and increased MAPK activity, as measured by phospho- 
MEK and ERK (31). This is in accordance with our data using myeloid 
cells herein, as well as those published by Packer et al. (32), who 
showed dasatinib activated MEK and ERK in multiple cell lines 
tested. Collectively, these findings across various cell types derived 
from different tissues suggest that the impact dasatinib has on host 
cell signaling downstream of EphA2 and Src is complicated and in-
fluenced by other context-specific factors.
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Similarly, CMV’s impact on host cell signaling and protein activ-
ity may also be cell type specific. While our data reveal that MAPK 
activity is attenuated during latency yet required for reactivation in 
CD14+ monocytes, Buehler et al. (69) showed that pharmacological 
inhibition of MEK with binimetinib or ERK1/2 using SCH772984, 
the latter of which we used herein, facilitates CMV reactivation in 
CD34+ HPCs. While CD34+ HPCs and CD14+ monocytes both har-
bor CMV latently, these cells have distinct phenotypes; thus, it is 
not surprising to find subtle differences such as these. Our data, in 
fact, align with others’ that showed MAPK signaling promoted CMV 
reactivation in monocyte-derived dendritic cells (19). Ex vivo growth 
conditions, cell type, and/or tissue type specificity may indeed ex-
plain other differences, including the finding that US28 expression 
is required for reactivation, but not latency, in fetal liver–derived 
CD34+ cells (70). Collectively, these findings highlight the complexity 
of the relationship between CMV and host cells, further elucidating 
that such cell type–specific nuances will undoubtedly better our un-
derstanding of this host-pathogen relationship and the factors re-
quired to maintain (and reactivate) latent virus. Our findings reveal 
a previously unknown means by which CMV regulates cellular sig-
naling to maintain viral latency and provides an underlying biological 
mechanism as to how dasatinib enhances CMV reactivation.

MATERIALS AND METHODS
Reagents
All antibodies, cell lines, and tools used herein are described in full 
in table S3.

Cells
Newborn human foreskin fibroblasts (NuFF-1, passages 13 to 25; 
GlobalStem) were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM), supplemented with 10% fetal bovine serum (FBS), 2 mM 
l-glutamine, 0.1 mM nonessential amino acids, 10 mM Hepes, and 
100 U/ml each of penicillin and streptomycin. 293T cells [American 
Type Culture Collection (ATCC)] were maintained in DMEM, sup-
plemented with 10% newborn calf serum (NCS), and 100 U/ml each 
of penicillin and streptomycin. THP-1 cells (ATCC) were maintained 
in RPMI 1640 supplemented with 10% FBS and 100 U/ml each of 
penicillin and streptomycin at a density between 3 × 105 and 8 × 105 
cells/ml. Primary CD14+ monocytes were isolated from de-identi-
fied cord blood samples (Abraham J. & Phyllis Katz Cord Blood 
Foundation d.b.a. Cleveland Cord Blood Center and Volunteer 
Donating Communities in Cleveland and Atlanta) by magnetic- 
activated cell separation (described below) and maintained in X-VIVO15 
media (XVIVO-15; Lonza) with 100 U/ml each of penicillin and 
streptomycin at 7.5 × 105 cells/ml. All cells were maintained at 37°C 
and 5% CO2.

Viruses
The bacterial artificial chromosome (BAC)–derived clinical CMV 
strain TB40/E (clone 4) previously engineered to express mCherry 
to monitor infection, TB40/EmCherry (71), was used in this study, 
referred to throughout as WT virus. TB40/EmCherry-US28-3xF 
and TB40/EmCherry-US28 are described elsewhere (22). TB40/
EmCherry was used as a template to generate a recombinant virus 
expressing US28 with C-terminal birA-HA using galactokinase (galK) 
recombineering, as described in detail elsewhere (72). Briefly, the galK 
gene was amplified from pGalK (72) by polymerase chain reaction 

(PCR) using primers listed in table S4. Recombination-competent 
SW105 Escherichia coli (72) containing TB40/EmCherry were trans-
formed with the resulting PCR product. The gene for biotin ligase, 
birA, with a C-terminal HA epitope tag, was amplified from plasmid 
pcDNA3.1 MCS-BirA(R118G)-HA, which was a gift from K. Roux 
[Addgene plasmid no. 36047; http://n2t.net/addgene:36047; research 
resource identifiers (RRID):Addgene_36047; (28)], using the primers 
listed in table S4. GalK- positive clones were electroporated with the 
PCR product, and mutants were then counter-selected against 
galK. TB40/EmCherry-US28- birA-HA was verified for genomic 
accuracy by Sanger sequencing using the primers in table S4. All 
viral stocks were propagated on NuFF-1 cells and titered by 50% 
tissue culture infectious dose (TCID50) on naïve NuFF-1 cells.

Generation of lentivirally transduced cells
The lentivirus-transduced THP-1 cell lines, THP-1-pSLIK-hygro and 
THP-1-pSLIK-US28-3xF, were described previously (10). pSLIK-
US28-R129A-3xF and pSLIK-US28-N-3xF vectors were generated 
by gateway cloning, detailed elsewhere (73). In brief, US28-R129A-
3xF and US28-N-3xF DNA fragments were PCR-amplified using 
TB40/EmCherry-US28-R129A-3xF and TB40/EmCherry-US28-
N-3xF, respectively, as templates. These recombinant BACs were 
previously published (10). The primers, which include 5′ Spe I and 
3′ Xba I restriction enzyme sites, are shown in table S4. DNA frag-
ments were purified using the GFX PCR DNA and Gel Band Puri-
fication Kit (Millipore Sigma), according to the manufacturer’s 
instructions. The resulting fragments and the pEN_TmiRc3 entry 
vector [a gift from I. Fraser, Addgene plasmid no. 25748, (74)] were 
digested with Spe I and Xba I [New England Biolabs (NEB)], after 
which the entry vector was dephosphorylated using calf intestinal 
phosphatase (NEB). Following gel purification of the DNA, the in-
sert fragments were ligated with the entry vector using T4 ligase (NEB). 
After confirming ligation, the insert-containing entry vector was used 
for gateway recombination with the destination vector pSLIK-hygro 
[a gift from I. Fraser, Addgene plasmid no. 25737; (74)], using the 
Gateway LR Clonase Enzyme Mix (Thermo Fisher Scientific), accord-
ing to the manufacturer’s protocol. The resulting pSLIK-US28-R129A- 
3xF and pSLIK-US28-N-3xF lentiviral constructs were confirmed 
by Sanger sequencing, using primers listed in table S4.

To generate transduced cell lines, 293T cells were first cotrans-
fected with pCMV-VSV-G envelope [a gift from B. Weinberg; 
Addgene plasmid no. 8454, (75)] and pCMV-R8.2 (a gift from 
D. Trono; Addgene plasmid no. 12263) packaging plasmid, along 
with either pSLIK-hygro, pSLIK-US28-R129A-3xF, pSLIK-US28-
N-3xF, or EphA2 shRNA and control plasmids (table S3) at a ratio 
of 3:5:10, using Fugene 6 Transfection Reagent (Promega; pSLIK 
THP-1 cell lines) or Lipofectamine 2000 (Thermo Fisher Scientific; 
EphA2 knockdown and control lines), following the manufacturers’ 
protocols. Media were collected 48 and 72 hours after transfection, 
clarified through a 0.45-m filter, and concentrated by ultracentrifu-
gation (82,200g, 4°C, 90 min), after which the viral pellet was resus-
pended in X-VIVO15 (Lonza) for transduction of THP-1 cells or 
DMEM for transduction of NuFF-1 cells. The concentrated lentiviruses 
were then used to transduce 1 × 106 THP-1 cells by centrifugal en-
hancement (1000g, 30 min, room temperature) or 1 × 106 NuFF-1 
cells, each in the presence of polybrene (4 g/ml). All cells were returned 
to culture overnight at 37°C/5% CO2. The following day, THP-1 cells 
were clarified by centrifugation (35 min, 450g, room temperature, 
without the brake) onto Ficoll Paque Plus (Millipore Sigma), washed 

http://n2t.net/addgene:36047
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three times in 1× phosphate-buffered saline (PBS), and returned to 
culture in fresh RPMI 1640–based media, as described above. 
NuFF-1 cells were washed three times with 1× PBS and replenished 
with DMEM, supplemented as indicated above. THP-1 cells trans-
duced with the pSLIK vectors were selected using hygromycin B 
(500 g/ml; Millipore Sigma). For the EphA2 knockdown and control 
lines, transduced cells were selected with puromycin (Thermo Fisher 
Scientific); 1.5 g/ml was used for THP-1 cells, and 700 ng/ml was used 
for NuFF-1 cells. When necessary, cell debris was removed from the 
THP-1 cell cultures by cushioning cells onto Ficoll Paque Plus (Millipore 
Sigma), as above. Knockdown of EphA2 protein expression was as-
sessed by immunoblot (described below); US28-R129A-3xF and US28- 
N-3xF protein expression was similarly assessed following treatment 
with DOX (1.0 g/ml) or vehicle [dimethyl sulfoxide (DMSO)] 
for 24 hours in the newly generated, respective THP-1 lines.

Latency and reactivation assays
Primary CD14+ cells were isolated from cord blood using human 
CD14 MicroBeads (Miltenyi Biotec) followed by magnetic separa-
tion, following the manufacturer’s protocols. Cells [multiplicity of 
infection (MOI) = 1.0 TCID50 per cell] were infected by centrifugal 
enhancement (1000g, 30 min, room temperature) followed by incu-
bation at 37°C/5% CO2 for 3 hours. Infected cells were then washed 
three times in 1× PBS and cultured at 7.5 × 105 cells/ml in serum-low 
media (XVIVO-15) or RPMI 1640 (ATCC) supplemented with 1% 
heat-inactivated human serum (Millipore Sigma). Where indicated, 
mCherry-positive cells were sorted 1 dpi using fluorescence-activated 
cell sorting (FACS; FACSMelody, BD Biosciences). At 7 dpi, a portion 
of each infected cell population was cultured in reactivation media 
[RPMI 1640, containing 10% FBS, with macrophage colony-stimulating 
factor (10 ng/ml) or maintained under conditions favoring latency 
(X-VIVO15)].

Pharmacological inhibitors of Src (PP2), MEK (selumetinib), 
ERK1/2 (SCH772984), or EphA2 (dasatinib) were added, where in-
dicated, at the concentrations specified in the results and/or figure 
legends. Latent and reactivated cultures were distinguished and quan-
tified by ELDA [(76), http://bioinf.wehi.edu.au/software/elda/] on 
naïve NuFF-1 cells, as described in detail elsewhere (10, 16). Cell 
viability in the presence of each inhibitor was assessed by live/dead 
discrimination using trypan blue.

THP-1 monocytic cells were infected (MOI = 1.0 TCID50 per 
cell) at a density of 5.0 × 105 cells/ml by centrifugal enhancement 
(1000g for 30 min, room temperature) in serum-low media (XVIVO-15; 
Lonza) and then incubated for an additional 60 min at 37°C and 5% 
CO2. Viral inoculum was removed, and cells were washed three 
times with 1× PBS and replated in XVIVO-15 for the duration of 
the assay, as indicated in the results and/or figure legends.

Protein and RNA analyses
For all immunoblot assays, cells were lysed in radioimmunoprecip-
itation assay (RIPA) buffer [1% NP-40, 1% sodium deoxycholate, 
0.1% SDS, 0.15 M NaCl, 0.01 M NaPO4 (pH 7.2), and 2 mM EDTA] 
on ice for 1 hour, vortexing every 15 min. Total protein concentra-
tions were quantified by Bradford assay using Protein Assay Dye 
Reagent Concentrate (Bio-Rad). Samples were denatured at 95°C for 
10 min, except for those samples used to detect US28, which were 
denatured for 10 min at 42°C. Equal amounts of protein per sample 
were separated by SDS–polyacrylamide gel electrophoresis, and 
proteins were detected using the following antibodies (table S3): 

streptavidin–horseradish peroxidase (HRP, Thermo Fisher Scientific), 
anti-FLAG clone M2 (Millipore Sigma, 1:7500), anti-HA clone 3F10 
(Millipore Sigma, 1:1000), anti–phospho-Fos (Ser32) [Cell Signaling 
Technology (CST), 1:1000], anti–c-Fos (CST, 1:1000), anti–phospho- 
 p44/42 MAPK (ERK1/2; Thr202/Tyr204) (CST, 1:1000), anti-p44/42 
MAPK (ERK1/2) (CST, 1:1000), anti–phospho-Src (Tyr527) (CST, 1:1000), 
anti–phospho-Src (Tyr416) (CST, 1:1000), anti-Src (CST, 1:1000), anti–
phospho-MEK1/2 (CST, 1:1000), anti-MEK1/2 (CST, 1:1000), anti–
phospho-EphA2 (Ser897) (CST, 1:1000), anti-EphA2 (CST, 1:1000), 
anti-CMV IE1 [clone 1B12, 1:100, (77)], anti–-actin peroxidase 
(Millipore Sigma, 1:20,000), and goat anti-mouse, goat anti-rat, and 
goat anti-rabbit HRP secondary antibodies (all from Jackson 
ImmunoResearch Labs; 1:10,000). Where indicated, protein ex-
pression was quantified by densitometry using ImageJ (78).

For co-IP assays of US28 and EphA2, NuFF-1 or CD14+ cells 
were infected with TB40/EmCherry-US28-3xF (MOI = 1.0 TCID50 
per cell) and harvested as indicated in the results and/or figure legends. 
Cells were lysed in IP buffer [150 mM NaCl, 25 mM tris (pH 7.4), 10 mM 
MgCl, 2 mM EDTA, and 1% Triton X-100], supplemented with Com-
plete Protease Inhibitor Cocktail (Millipore Sigma) on ice for 2 hours. 
Samples were then centrifuged at 12,000g for 10 min at 4°C, and an 
aliquot of 1/20 of the total volume was taken for an input control. The 
indicated protein was precipitated with 5 l of antibody (anti- 
FLAG M2, Millipore Sigma; anti-EphA2, CST; rabbit IgG, Millipore 
Sigma; and mouse IgG, CST), with protein A beads overnight at 4°C 
with rotation. Beads were then washed four times in IP wash buffer 
[25 mM tris (pH 7.4), 10 mM MgCl, 2 mM EDTA, and 0.1% Triton 
X-100] at 4°C, and washes were retained for analysis. Beads, input, and 
washes were then denatured at 42°C for 10 min. All samples were 
then immunoblotted as detailed above.

For immunofluorescence assays (IFAs), 2 × 105 NuFF-1 cells 
were grown on 22 × 22 mm coverslips and infected (MOI = 0.01 
TCID50 per cell). At 72 hpi, cells were fixed, permeabilized, and stained, 
as described elsewhere [e.g., (71)]. The following antibodies were used, 
as indicated in the results and/or figure legends: anti-HA (Millipore 
Sigma, 1:1000) and Alexa 488–conjugated anti-rat (Abcam, 1:1000). 
Nuclei were visualized with 4′-6′-diamidino-2-phenylindole. Coverslips 
were mounted onto slides with SlowFade Antifade reagent (Thermo 
Fisher Scientific), and images were collected using a Leica TCS-SP8- 
AOBS inverted confocal microscope using Leica Application Suite 
X (LAS X) Software, version 3.5.5 (Leica Microsystems).

Total RNA was collected, and RNA was extracted using the High 
Pure RNA Isolation kit (Roche) according to the manufacturer’s in-
structions. cDNA was generated from 1.0 g of RNA using TaqMan 
reverse transcription reagents and random hexamer primers (Thermo 
Fisher Scientific). Equal volumes of cDNA were used for quantita-
tive PCR using primers for either viral UL123 or cellular GAPDH 
(glyceraldehyde-3-phosphate dehydrogenase) (table S4), and transcript 
abundance was calculated using a standard curve using 10-fold 
serial dilutions of TB40/EmCherry-BAC standard that also contains 
GAPDH sequence (16). Each primer set had a similar amplification 
efficiency and linear range of detection for the BAC-standard (linear 
between 109 and 104 copies; R2 > 0.95 for all experiments). Samples 
were analyzed in triplicate using a 96-well-format CFX Connect Real- 
Time PCR instrument (Bio-Rad).

Global kinome analysis
THP-1-pSLIK-hygro and THP-1-pSLIK-US28-3xF were cultured in 
X-VIVO15 media (Lonza) at 5 × 105 cells/ml and treated with DOX 

http://bioinf.wehi.edu.au/software/elda/
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(1.0 g/ml). At 2 and 6 hours after DOX treatment, 3 × 107 cells 
were harvested, washed three times in 1× PBS, and frozen at −80°C.  
Protein samples were subjected to multiplexed kinase inhibitor beads 
(MIBS) enrichment, as previously described (23). Briefly, cell pellets 
were lysed [50 mM Hepes (pH 7.5), 150 mM NaCl, 0.5% Triton 
X-100, 1.0 mM EDTA, 1.0 mM EGTA, 10 mM NaF, 2.5 mM NaV04 
supplemented with Complete Protease Inhibitor Cocktail (Millipore 
Sigma), and Phosphatase Inhibitor Cocktails 2 and 3 (both from 
Millipore Sigma)], sonicated (35% power, 3 × 1-s pulses), clarified by 
centrifugation (14,000g, 10 min), and filtered with 0.2-m surfactant- 
free cellulose acetate membrane filters. Protein concentrations were 
determined by Bradford assay, and the salt concentration was adjusted 
to 1 M NaCl. Poly-Prep chromatography columns (Bio-Rad) were 
loaded with MIBS resin, consisting of equal volumes of the broad- 
spectrum type I kinase inhibitors PP58, purvalanol B, VI16832, and 
UNC21474, and then equilibrated with high-salt wash buffer [50 mM 
Hepes (pH 7.5), 1.0 M NaCl, 0.5% Triton X-100, 1.0 mM EDTA, 
and 1.0 mM EGTA] using gravity flow. Lysates were then passed 
over equilibrated columns by gravity flow. Columns were stringently 
washed first with high-salt buffer, then low-salt buffer [50 mM 
Hepes (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 1.0 mM EDTA, 
and 1.0 mM EGTA], and, lastly, SDS wash buffer [50 mM Hepes 
(pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 0.1% SDS, 1.0 mM EDTA, 
and 1.0 mM EGTA]. Proteins were eluted from the column by boiling 
in elution buffer [100 mM tris-HCl (pH 6.8), 0.5% SDS, and 1% 
-mercaptoethanol]. Eluates were reduced (5 mM dl-dithiothreitol, 
30 min, 60°C), alkylated (20 mM iodoacetamide, 30 min, room 
temperature), and concentrated (Amicon Ultra-4 Centrifugal Filter 
Units; Millipore Sigma). Protein was extracted with chloroform- 
methanol precipitation and digested overnight with sequencing grade 
porcine trypsin (Promega). Peptides were then extracted with three 
ethyl acetate washes and desalted using Pierce C-18 spin columns 
(Thermo Fisher Scientific), according to the manufacturer’s protocol.

Affinity purification MS
NuFF-1 cells (1 × 107 cells per condition) were TB40/EmCherry–, 
TB40/EmCherry-US28-BirA-HA–, or mock-infected at a multiplicity 
of 1.0 TCID50 per cell. Infected and uninfected control cells were 
treated with or without biotin (50 M final concentration) 18 hours 
before harvest. Cells were harvested at 48 hpi, washed three times 
with 1× PBS, and then resuspended in 1.0 ml of ice-cold RIPA lysis 
buffer [50 mM, tris (pH 7.4), 150 mM NaCl, 1% NP-40, 0.25% Na 
deoxycholate, 1.0 mM EDTA, and 2 M Urea]. Cells were allowed to 
swell on ice for 15 min and sonicated (three pulses, 30% output). 
Cellular debris was removed by centrifugation, and biotinylated pro-
teins were isolated from the clarified lysate by binding to Dynabeads 
MyOne Streptavidin T1 (Thermo Fisher Scientific) for 3 hours at 
4°C. Using a DynaMag-2 Magnet (Thermo Fisher Scientific), beads 
were washed three times in RIPA lysis buffer and then three times 
with 50 mM ammonium bicarbonate (pH 8.0). Cells were resuspended 
in a final volume of 100 l of 50 mM ammonium bicarbonate (pH 8.0) 
for tandem MS (MS/MS) analysis. Aliquots of clarified lysate (50 l) 
and aliquots of resuspended beads (2 l) were reserved for immu-
noblot analysis.

Protein samples were subjected to on-bead trypsin digestion, as 
previously described (79). After the last wash step, 50 l of 50 mM 
ammonium bicarbonate (pH 8.0) containing 1 g of trypsin (Promega) 
was added to beads overnight at 37°C with shaking. The next day, 
500 ng of trypsin was added and then incubated for an additional 

3 hours at 37°C with shaking. The clarified supernatants were trans-
ferred, and the beads were washed twice with 50 l of liquid 
chromatography–MS (LC/MS) grade water. The washes were then 
combined with the original supernatant and then acidified to 2% 
formic acid. Peptides were desalted with Pierce Peptide Desalting 
Spin Columns (Thermo Fisher Scientific) and dried via vacuum 
centrifugation. Peptide samples were stored at −80°C until further 
analysis.

Liquid chromatography–tandem MS
Peptide samples from both the MIB-MS and AP-MS sample sets 
were analyzed by LC-MS/MS using an Easy nLC 1200 coupled to a 
QExactive HF mass spectrometer (Thermo Fisher Scientific). Samples 
were injected onto an EASY-Spray PepMap C18 column (75 m 
inner diameter × 25 cm, 2 m particle size; Thermo Fisher Scientific) 
and separated over a 120-min method. The gradient for separation 
consisted of 5 to 40% mobile phase B at a 250 nl/min flow rate, 
where mobile phase A was 0.1% formic acid in water, and mobile 
phase B consisted of 0.1% formic acid in 80% acetonitrile. The QExactive 
HF was operated in data-dependent mode, where the 15 most intense 
precursors were selected for subsequent fragmentation. Resolution 
for the precursor scan (mass/charge ratio, 350 to 1600) was set to 
120,000 with a target value of 3 × 106 ions. MS/MS scan resolution 
was set to 15,000 with a target value of 5 × 104 ions, 60 ms maximum 
injection time. The normalized collision energy was set to 27% for 
high collision dissociation. Dynamic exclusion was set to 30 s, peptide 
match was set to preferred, and precursors with unknown charge or 
a charge state of 1 and ≥ 7 were excluded.

MS data analyses
Raw data were processed using the MaxQuant software suite (version 
1.6.12.0) for identification and label-free quantitation (LFQ) (80). 
Data were searched against a UniProt Human database (containing 
20,350 sequences, downloaded February 2020; taxonomy ID, 9606; 
proteome ID, UP000005640) and a UniProt CMV TB40/E database 
(containing 164 sequences, downloaded April 2016; taxonomy ID, 
10359; proteome ID, UP000143167) using the integrated Androm-
eda search engine (81). A maximum of two missed tryptic cleavages 
were allowed. The variable modification specified was oxidation of 
methionine and N-terminal acetylation. LFQ was enabled. Results 
were filtered to 1% FDR at the unique peptide level and grouped 
into proteins within MaxQuant. Match between runs was enabled.

For kinome analysis, carbamidomethylation of cysteine was set 
as a fixed modification, and all other parameters were the same as 
above. Kinases were parsed, and global normalization was applied. 
Argonaut (82) was used for further processing. Only proteins with 
>1 unique+razor peptide were used for LFQ analysis. Proteins with 
>50% missing values were removed, and missing values were replaced 
from normal distribution. Log2 fold change ratios (2 hpi_control 
and 6 hpi_control) were calculated using the averaged log2 LFQ in-
tensities and proteins, with |log2 fold change| ≥ 1 considered signif-
icant. Student’s t test was performed, and P < 0.05 was considered 
significant.

For AP-MS analysis, results were searched against the CRAPome 
database (29), and proteins with CRAPome frequency > 30% were 
removed. Perseus (83) was used for further processing. Only proteins 
with >1 unique+razor peptide were used for LFQ analysis. Proteins 
with >50% missing values were removed, and missing values were 
replaced from normal distribution. Log2 fold change ratios (48 hpi_all 
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controls) were calculated using the averaged log2 LFQ intensities. 
Student’s t test was performed, and P values and permutation-based 
FDR-corrected q values were calculated (84). Proteins were considered 
US28 interactors if the CRAPome frequency is <30%, FDR-corrected 
q value < 0.05, and log2 fold change ratio > 1.

Viral growth assays
Multistep growth assays were performed by infecting (MOI = 0.01 
TCID50 per cell) naïve NuFF-1 cells or those stably transduced 
with lentiviruses expressing nontargeting control (NTC)–shRNA, 
EphA2-shRNA#1, or EphA2-shRNA#2. Supernatants were collected 
over a 16-day time course of infection and stored at −80°C until 
processing. At 16 dpi, infected cells were washed three times with 
1× PBS and collected in media to evaluate cell-associated viral titers. 
To this end, cells were subjected to three freeze-thaw cycles, after 
which cellular debris was removed by centrifugation and the clari-
fied supernatant was collected. Cell-free and cell-associated virus was 
quantified by TCID50 assay.

Clinical data analyses
A retrospective cohort analysis was conducted in December 2021, 
using the multiple health system data analytics and research plat-
form, Explorys (IBM Explorys Cohort Discovery, Watson Health; 
https://ibm.com/products/explorys-ehr-data-analysis-tools), which 
provides aggregated, de-identified EHR data from more than 53 
million unique patients throughout the United States. Longitudinal 
records for unique patients are generated by standardizing the dif-
ferent EHR data using the single set of Unified Medical Language 
System ontologies. Patient data are de-identified; therefore, ethical 
review and informed consent is waived, although to further protect 
patient confidentiality, the system rounds patient counts per search 
term to the nearest 10. Data were analyzed from the EHRs from more 
than 53 million unique patients, and data from patients of all ages, 
sexes, and ethnicities were included in our study. Information on 
age, sex, and ethnicity was not collected as part of our study. The 
initial search term used was “dasatinib,” and the resulting 3230 patient 
records were then cross-referenced for diagnosis of disease and/or 
infection for the following herpesviruses: HSV-1, HSV-2, VZV, EBV, 
CMV, HHV-6, HHV-7, or KSHV (HHV-8). ORs and 95% CIs were 
determined by Fisher’s exact test (MedCalc Software; https://medcalc.
org/calc/odds_ratio.php). Statistical tests were adjusted for multiple 
testing using Benjamini-Hochberg FDR correction, and an FDR- 
corrected P < 0.05 was used as the threshold for statistical signifi-
cance (85). Use of Explorys at the Cleveland Clinic is approved 
under Institutional Review Board no. 19-504.

Statistical analyses
Experimental data were analyzed by GraphPad Prism (version 9.1.0) 
software (GraphPad Software LLC) and Microsoft Excel (version 16.59). 
The statistical details for each experiment are provided in the re-
spective figure legends. The statistical analyses for the proteomics 
experiments are detailed above. A minimum of three biological rep-
licates (n = 3) were performed for all experiments. Protein data, includ-
ing immunoblots and IFAs, are shown as representative biological 
replicates, as indicated in the respective figure legends. Representa-
tive biological replicates are shown for the TCID50 data (fig. S5, 
B and C), each of which had three technical replicates, as indicated 
in the figure legend. For the ELDA data, three biological replicates 
were performed, each of which contained three technical replicates. 

Each data point on the graphs (denoted by circles) represents the 
mean of the three technical replicates. Error bars indicate the SD of 
the three biological replicates. Statistical significance for all data was 
calculated by one-way or two-way analysis of variance, as indicated 
in the figure legends, with Tukey’s test for multiple comparisons. In 
all cases, P < 0.05 was considered significant. Analysis of the Explorys 
data is described above in detail.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add1168

View/request a protocol for this paper from Bio-protocol.
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