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Significance

Alcelaphine gammaherpesvirus 1 
(AlHV-1) is arguably a unique 
example of perfect coevolution 
of a virus with its natural host, 
the wildebeest (Connochaetes 
sp.), resulting in viral persistence 
in the absence of disease. 
However, after transmission to 
phylogenetically related ruminant 
species, AlHV-1 targets CD8+ T 
lymphocytes resulting in a deadly 
peripheral T cell lymphoma, 
named malignant catarrhal fever 
(MCF). We previously showed 
that MCF is induced by the 
maintenance of viral genomes in 
T cells, but the exact mechanisms 
driving MCF were yet unresolved. 
Our work demonstrated that 
AlHV-1 infection of calves 
resulted in dramatic 
transcriptomic and epigenomic 
changes in CD8+ T cells. We 
further identified a viral 
membrane signaling protein that 
drives T cell dysregulation and 
activation, clarifying MCF 
pathogenesis.
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Alcelaphine gammaherpesvirus 1 (AlHV-1) asymptomatically persists in its natural host, 
the wildebeest. However, cross-species transmission to cattle results in the induction of 
an acute and lethal peripheral T cell lymphoma-like disease (PTCL), named malignant 
catarrhal fever (MCF). Our previous findings demonstrated an essential role for viral 
genome maintenance in infected CD8+ T lymphocytes but the exact mechanism(s) 
leading to lymphoproliferation and MCF remained unknown. To decipher how AlHV-1 
dysregulates T lymphocytes, we first examined the global phenotypic changes in circulat-
ing CD8+ T cells after experimental infection of calves. T cell receptor repertoire together 
with transcriptomics and epigenomics analyses demonstrated an oligoclonal expansion 
of infected CD8+ T cells displaying effector and exhaustion gene signatures, including 
GZMA, GNLY, PD-1, and TOX2 expression. Then, among viral genes expressed in 
infected CD8+ T cells, we uncovered A10 that encodes a transmembrane signaling 
protein displaying multiple tyrosine residues, with predicted ITAM and SH3 motifs. 
Impaired A10 expression did not affect AlHV-1 replication in vitro but rendered AlHV-1 
unable to induce MCF. Furthermore, A10 was phosphorylated in T lymphocytes in vitro 
and affected T cell signaling. Finally, while AlHV-1 mutants expressing mutated forms of 
A10 devoid of ITAM or SH3 motifs (or both) were able to induce MCF, a recombinant 
virus expressing a mutated form of A10 unable to phosphorylate its tyrosine residues 
resulted in the lack of MCF and protected against a wild-type virus challenge. Thus, 
we could characterize the nature of this γ-herpesvirus-induced PTCL-like disease and 
identify an essential mechanism explaining its development.

malignant catarrhal fever | CD8+ T cells | transcriptomics | epigenomics | peripheral T cell lymphoma

Wildebeest are migratory ungulates (hooved mammals) playing a dominant role in the 
ecosystem in which they evolve (1), with annual migrations exceeding 1,500 km (2). In 
East Africa, the Maasai people are herding their livestock in grazing areas of the Serengeti 
and Maasai Mara plains. The wildebeest migration is an iconic spectacle, but the increasing 
proximity between wildlife and livestock directly endangers the livelihood of the local 
herders (3), as cattle are highly susceptible to a fatal viral disease named malignant catarrhal 
fever (MCF), mainly transmitted by the wildebeest calves born each year.

MCF is an acute and fatal pan-systemic lymphoproliferative disease of a variety of 
species of ungulates (hooved mammals), including cattle. The main causative agents of 
MCF are two γ-herpesviruses: ovine gammaherpesvirus 2 (OvHV-2; species Macavirus 
ovinegamma2) and alcelaphine gammaherpesvirus 1 (AlHV-1; species Macavirus alcelaphin-
egamma1). These viruses cause no apparent disease in their natural host species. Sheep are 
naturally infected by OvHV-2, which is responsible for the sporadic sheep-associated 
form of MCF. Wildebeest asymptomatically carry AlHV-1, responsible for the 
wildebeest-derived form of the disease (4, 5). The prevalence of AlHV-1 infection in 
wildebeest is close to 100%, and transmission mainly occurs during the wildebeest calving 
period and in the first 3 to 4 mo of life (6–8). The impact of MCF on the local pastoralist 
populations has largely been underestimated (9–12), and MCF has been reported through-
out the world in game farms or zoological collections (13).

Recent reports have demonstrated that AlHV-1 infects and persists in CD8+ T lympho-
cytes and that the maintenance of the viral genome in these cells via the expression of the 
latency-associated nuclear antigen (aLANA), encoded by gene ORF73, is essential for MCF 
induction in the rabbit experimental model (14–20). MCF is characterized by a severe 
lymphoproliferation of CD8+ T cells in the periphery and infiltration in the perivascular D
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spaces in many organs and tissues of lymphoblastic cells. Thus, MCF 
resembles a γ-herpesvirus-induced peripheral T cell lymphoma 
(PTCL) resulting from cross-species transmission from wildebeest 
to cattle. Related oncogenic human and primate γ-herpesviruses 
such as Epstein–Barr virus (EBV), Kaposi’s sarcoma-associated her-
pesvirus (KSHV), and saimiriine gammaherpesvirus 2 (SaHV-2) 
share similarities in the recognized mechanisms of lymphomagenesis 
(21, 22). However, despite recent work investigating the pathogen-
esis of wildebeest-derived MCF in cattle and the rabbit experimental 
model, the mechanisms by which AlHV-1 triggers cell proliferation 
and activation of latently infected CD8+ T cells to induce a 
PTCL-like disease remain unresolved (15, 18, 19, 23–28).

Here, we unraveled the nature of the CD8+ T lymphocyte 
responses induced upon AlHV-1 infection in the target bovine 
species and revealed how this herpesvirus drives T cell activation, 
ultimately resulting in the development of MCF lesions and the 
death of infected animals.

Results

Oligoclonal Expansion of Circulating CD8+ T Cells During MCF. The 
lack of expression of latency-associated protein aLANA encoded by 
AlHV-1 ORF73 impairs the induction of MCF in rabbits (19, 24). 
Here, we validated the complete attenuation of an ORF73-deficient 
strain (73DEL) in calves upon nasal infection (SI Appendix, Fig. S1 
A–D and Fig.  1 A–E). In addition, primary infection of calves 
with the 73DEL virus fully protected against an intranasal challenge 
with 105 plaque forming unit (PFU) of a virulent wild-type (WT) 
strain of AlHV-1, further demonstrating that impaired aLANA 
expression renders AlHV-1 apathogenic and represents an effective 
strategy for vaccination (Fig. 1 A–D). Protection induced by 73DEL 
virus was revealed by the absence of MCF clinical signs (Fig. 1B), 
lack of infiltration of lymphoblastoid cells in tissues (Fig. 1C and 
SI Appendix, Fig. S1D), and lack of expansion of CD8+ T cell in 
peripheral blood mononuclear cells (PBMCs) (Fig. 1 D and E). 
However, control WT and Mock/WT groups developed typical 
MCF in both the infection and challenge phases.

While it remains unknown how AlHV-1 induces MCF lesions, 
previous results have suggested a nonpermissive infection of 
CD8+ T lymphocytes leading to their activation and proliferation 
(14–19, 26). Active division of circulating CD8+ T cells using 
ex vivo EdU incorporation was further confirmed in samples 
from calves developing MCF clinical signs (SI Appendix, 
Fig. S1E). Such proliferation of CD8+ T cells induced by viral 
infection could be due to a clonal expansion of infected cells. To 
test this hypothesis, we analyzed the diversity of the T cell recep-
tor (TCR) of purified circulating CD8+ T cells in calves experi-
mentally infected with AlHV-1 (SI Appendix, Fig. S2). 
Complementary-diversity region 3 (CDR3) sequences of both α 
and β TCR chains were obtained from calves infected with WT 
or 73DEL viruses or from mock-infected animals. Group “WT” 
consisted in a total of six calves that developed MCF during the 
first infection phase (WT, n = 3) or challenge phase (Mock/WT, 
n = 3) (Fig. 1A and SI Appendix, Fig. S1A). Calves developing 
MCF clinical signs showed a reduced TRA and TRB diversity as 
illustrated by Tree maps (Fig. 1F and SI Appendix, Fig. S3C) and 
quantified by an increase in the proportion of top 10/20 CDR3 
clonotypes (Fig. 1G and SI Appendix, Fig. S3A), a decrease in 
d25/d50/d75/d90 values (SI Appendix, Fig. S3B), and associated 
changes in several diversity and inequality indexes (Fig. 1 H–J). 
This reduced diversity was due to the oligoclonal expansion of 
private clonotypes from each calf since no increase in the sharing 
of the TCR repertoire was observed (Fig. 1K).

AlHV-1 Infection Induces Activation of CD8+ T Lymphocytes 
Associated with Effector/Memory and Exhaustion Gene 
Signatures. We next studied differential gene expression by RNA 
sequencing sorted peripheral CD8+ T cells from mock-, WT, 
or 73DEL-infected calves (SI  Appendix, Fig.  S2) (29). Principal 
component analysis (PCA) and hierarchical clustering revealed 
that Mock and 73DEL samples clustered together (SI Appendix, 
Fig. S4A), whereas WT and Mock/WT samples clustered separately. 
Samples Mock/WT2 and Mock3 were outliers and were removed 
from subsequent analyses (SI  Appendix, Fig.  S4B). Expression 
levels of lineage genes in the datasets confirmed the quality of the 
datasets with high expression of CD3E, CD3D, CD8A, and CD8B, 
whereas low or absent gene expression related to CD4+ T cells, B 
cells, WC1+ γδ T cells, NK cells, and myeloid cells (SI Appendix, 
Fig. S4C). We observed a total of 1,164 upregulated genes in WT 
samples when compared to Mock samples, and 458 when compared 
to 73DEL samples, among which 426 were common. In addition, 
1,051 genes were significantly downregulated in WT samples when 
compared to Mock samples and 936 when compared to 73DEL 
samples, among which 710 were common (SI Appendix, Fig. S4 D 
and E). Among the top regulated genes in WT samples compared 
to combined Mock and 73DEL samples, we identified IRF8, BOLA-
DRA, GZMA, GZMK, IL15RA, TIGIT, MKI67, and TOX2, 
whereas we observed downregulation of NRP1, OGT, and ITGA5 
expression (Fig. 2A), suggesting active cell division, sustained cell 
activation, and potential exhaustion. Gene-set enrichment analysis 
(GSEA) further revealed significant phenotypic changes in CD8+ 
T cells during MCF (SI Appendix, Fig. S5 A–C). In WT samples, 
we observed significant enrichment of genes involved in IFN-γ 
response, oxidative phosphorylation and fatty acid metabolism, cell 
division, apoptosis, mTOR and Myc-targets, immune response to 
virus infection, TCR signaling, and chromatin remodeling. Genes 
involved in cell adhesion and TGFβ signaling were significantly 
enriched in Mock and 73DEL CD8+ T cells.

Among genes involved in TCR signaling, PDCD1, CTLA4, 
and RHOA (Fig. 2B) and transcription factors like E2F2, E2F3, 
BATF, EOMES, PRDM1, and TOX2 were upregulated in CD8+ 
T cells during MCF. Importantly, TOX2 was among the most 
significantly upregulated genes in WT samples (Fig. 2C), support-
ing the differentiation to a phenotype related to exhaustion of 
CD8+ T cells after AlHV-1 infection (30). Moreover, increased 
TOX2 and EOMES expression was associated with increased 
PDCD1, LAG3, TIGIT, and ENTPD1 expression and downreg-
ulation of CD226 expression (Fig. 2 C and D and SI Appendix, 
Fig. S5D). However, TOX was not upregulated (SI Appendix, 
Fig. S5D). In addition, proliferation marker MKI67 and GZMK 
were strongly expressed during MCF, whereas signature genes of 
naive T cells such as CCR7 and TCF7 were less expressed in WT 
samples (Fig. 2D). Thus, AlHV-1 infection reprograms circulating 
CD8+ T cells toward a mixed phenotype of activation, including 
effector/memory and exhaustion features. Among upregulated 
genes found in three types of PTCL developing in humans (31), 
some genes found in PTCL not otherwise specified (PTCL-NOS) 
were also upregulated during MCF like PDCD1, LAG3, or GZMA 
(SI Appendix, Fig. S5 E and F). However, no significant similarities 
in the gene signatures of human PTCL and MCF were clearly 
identified.

AlHV-1 Infection Results in Specific Chromatin Remodeling 
in CD8+ T Cells. To further analyze AlHV-1-induced CD8+ T 
cell reprogramming, we used an assay of transposase-accessible 
chromatin with high-throughput sequencing (ATAC-seq) to profile D
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Fig. 1.   AlHV-1 73DEL strain protects against WT challenge in bovine, characterized by oligoclonal CD8+ T cell expansion. Calves were inoculated with AlHV-1 WT 
or 73DEL virus (105 PFU, intranasally, n = 4) or a mock inoculum (Mock) and MCF clinical signs were monitored. At day 46 postinfection, calves of the Mock and 
the 73DEL group were challenged with AlHV-1 WT virus (105 PFU, intranasally). (A) Percent of MCF induction over time. (B) Clinical scores of calves at endpoint. (C) 
Histopathological characterization of MCF lesions. Representative liver sections are shown. Dotted lines areas indicate MCF lesions. Hp, hepatocytes; V, portal 
veins. (D) Proportions of CD8+ T cells, CD4+ T cells, and CD21+ B lymphocytes in PBMCs analyzed by flow cytometry weekly throughout the experiment. Data 
are plotted for individual calves. Dashed boxes indicate the challenge phase. (E) Proportions of CD8+ T cells in PBMCs analyzed by flow cytometry. Data show 
compiled data from calves at endpoint. (F) Representative tree maps of the CDR3 repertoire of each individual calf. Each rectangle represents a unique CDR3 
clonotype and its size corresponds to its relative frequency in the repertoire. Data show CDR3α (TRA) and CDR3β (TRB) sequences obtained by TCR-seq. (G) 
Summary data of the proportion occupied by the top 20 clonotypes in both TRA or TRB repertoires. (H–J) Summary data of the normalized Shannon diversity (H), 
inverse Simpson diversity (I), and Gini (J) indexes of CDR3α and CDR3β repertoire. Mock and 73DEL samples were pooled before comparison with WT samples.  
(K) Repertoire sharing measured as overlap frequencies of both CDR3α and CDR3β sequences. Each symbol represents one individual calf. Bar indicates mean ±  
SEM. Statistical significance was calculated using one-way ANOVA or Kruskal–Wallis test and Sidak’s or Dunn’s posttest for multiple comparisons, or unpaired 
Student’s t test. P indicates P-value.D
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Fig. 2.   Transcriptomic and chromatin availability analyses reveal mixed gene signature of effector-memory and exhaustion in circulating bovine CD8+ T 
lymphocytes during MCF. (A–D) Bulk RNA-seq was performed on CD8+ T lymphocytes. (A) Unsupervised hierarchical clustering of the top 500 differentially 
expressed genes (DEG). Biologically relevant genes are listed. Heatmap color scale indicates z-score. (B) Heatmap of the expression levels of curated genes 
associated with TCR signaling and transcription factors. Stars indicate significant difference (P < 0.05) of expression between WT and Mock/73DEL. (C) Volcano plot 
of differential gene expression between WT and Mock/73DEL samples. Curated gene dots are indicated in green. (D) Gene expression as normalized read counts 
of indicated genes in WT and Mock/73DEL samples. (E–G) Bulk ATAC-seq analysis of CD8+ T lymphocytes. (E) Mean log2 ATAC-seq peak atlas of DOR for WT (red) 
and Mock/73DEL (blue). Histograms indicate the distribution of DOR at promoters and enhancers with a difference in log2 read count >1. (F) GSEA plot showing 
enrichment score of DORs in WT and in Mock/73DEL. (G) Representative tracks of DORs in WT CD8+ T cells (highlighted in gray) showed on IGV genome browser.D
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the open-chromatin landscape of sorted CD8+ T lymphocytes 
isolated from MCF-developing calves (WT) or from Mock and 
73DEL-infected calves. CD8+ T cells were sort-purified from 
cryopreserved PBMC samples obtained from this experiment 
and from a previous study (19). An atlas was created containing 
all obtained peaks (73,497 peaks). PCA on this atlas showed two 
separated clusters of WT and Mock/73DEL with 28% of variance 
explained by PC1 (SI Appendix, Fig. S6A). DESeq2 was used with 
a P-adjusted cutoff of 0.05 to identify a total of 8,276 differentially 
opened regions (DOR). These regions were further filtered by 
choosing the ones with a minimum difference of 1 in average Log2 
reads count between the two conditions, resulting in 1,503 DORs 
in WT and 1,792 DORs in Mock/73DEL groups, respectively, with 
a high proportion of these regions located in enhancers (Fig. 2E). 
We then assessed the chromatin accessibility within peaks annotated 
to DEG obtained from RNA-seq analysis and showed as expected 
that DEGs from WT are more accessible in WT compared to 
samples from Mock/73DEL and vice versa (SI Appendix, Fig. S6B). 
To verify the association between chromatin accessibility and gene 
expression, a GSEA approach was performed. Using the RNA-seq 
results as a dataset, a significant enrichment of the annotated DORs 
identified in WT and Mock/73DEL conditions was identified such 
as IFNG, PDCD1, TIGIT, and MKI67 in WT, and CD226, TCF7, 
CCR7, and ITGA5 in Mock/73DEL (Fig. 2 F and G and SI Appendix, 
Fig. S6 C–E). In addition, we found that DORs in WT significantly 
enriched binding motifs for T-BOX (EOMES and TBX21), 
RUNX, IRFs, and STATs transcription factors (SI Appendix, Fig. S6 
F and G). Hence, AlHV-1 infection leads to a reorganization of the 
chromatin landscape in CD8+ T lymphocytes.

AlHV-1 Infection Is Mainly Detected in EOMES- and TOX2- 
Expressing CD8+ T Cells. To further characterize the transcriptomic 
heterogeneity of CD8+ T cell responses during MCF, we performed 
single-cell RNA sequencing (scRNA-seq) of CD8+ T cells purified 
from the cryopreserved PBMC of two mock-infected and MCF-
developing calves. Eleven different clusters were identified, among 
which clusters C2, C3, C5, and C6 were enriched during MCF 
(Fig. 3 A and B). Signature genes of naive T cells such as CCR7, 
TCF7, and LEF1 were enriched in cluster C0 (Fig. 3 C and D and 
SI Appendix, Fig. S7), whereas cluster C1 did not show a specific 
signature with upregulation of transcripts of IL7R, S100A13, and 
S100A4 and was mainly present in the Mock sample. Cluster C2 
showed signature genes of effector/activation like CX3CR1, CCL5, 
BOLA, GNLY, and type I IFN response such as OASL, ISG20, 
IRF1, and IRF9. Cluster C3 was mainly present during AlHV-1 
infection and was characterized GZMM, PDCD1, TOX2, LAG3, 
GNLY, NKG7, and BCL2A1 expression. Cells grouped in C4 
expressed natural killer (NK)-related genes such as KIR2DL5A, 
FCER1G, IKZF2, and KLRD1. Cluster C5 contained cells 
expressing effector/memory genes such as GNLY, PTPRC, ITGA4, 
MKI67, and NKG7 suggesting terminally effector T cells (32). 
Cluster C6 was characterized by the expression of genes associated 
with exhaustion and proliferation such as LAG3, PDCD1, TIGIT, 
TOX2, CCNB1, and MKI67. Cluster C7 included genes such 
as IL2RA, CD69, and BHLEH40. Cells in cluster C8 expressed 
genes such as ID3 and IKZF2 and seem to represent a population 
transiting between C0 to C4. The few cells forming cluster C9 
upregulated CD163L and RHEX and cluster C10 was composed 
of very few cells. AlHV-1-specific RNA reads were extracted from 
the scRNA-seq data using Viral-Track (33). Viral transcripts were 
detected in a total of 34 cells, which clustered together mainly 
in C6 (Fig. 3E). Thus, C6 could represent a niche of AlHV-1 
infected cells. Importantly, RT-qPCR on low cell number inputs 

revealed that one cell out of 25 circulating CD8+ T cells expressed 
detectable viral RNA (SI Appendix, Fig. S8 A–C), suggesting that 
scRNA-seq data underestimates the proportion of infected cells. 
Signature genes involved in proliferation, effector functions, 
memory, and activation/exhaustion phenotype were enriched in 
C3, C5, and C6 (Fig. 3D). Thus, AlHV-1 infection of CD8+ T 
cells likely results in severe cellular reprogramming.

Then, a subset of the three clusters enriched during MCF and 
in which viral RNA could be detected was created (Fig. 3 F and G). 
Interestingly, trajectory analysis was performed, highlighting C6 
as a branching point of C3 and C5 (Fig. 3H). At the single-cell 
level, we also observed that the relative abundance of larger TCR 
clonotype groups was higher in CD8+ T cells upon AlHV-1 infec-
tion and combined single-cell TCR-sequencing analysis showed 
that the more expanded clonotypes were found in clusters C3, C5 
and C6 (SI Appendix, Fig. S9 A and B), with C3 sharing substan-
tial TCR sequences with C5 and C6. However, infected cells 
identified by scRNA-seq (Fig. 3E) expressed a diverse range of 
TCR (SI Appendix, Table S1), suggesting that while AlHV-1 
induces an oligoclonal expansion of CD8+ T cells, viral infection 
does not target specific TCR clonotypes, which is in line with the 
bulk TCR-seq data (Fig. 1K).

Selective Transcription of the Viral Genome in Infected Bovine 
CD8+ T Cells. Sequence reads obtained from the RNA-seq data of 
purified CD8+ T cells (SI Appendix, Fig. S2A) were mapped on 
the viral genome (Fig. 4A). RNA-seq analysis revealed an expected 
low level of expression, ranging from 2.9 × 10−4 to 2.4 × 10−2 
percent of reads mapping on AlHV-1 genome for the overall 
libraries (Fig. 4B), whereas AlHV-1 genome was transcribed at 
similar levels when compared to the bovine genome (Fig. 4C). 
These results suggest a low but consistent viral RNA expression in 
infected cells. Importantly, we confirmed the absence of detection 
or very low expression of genes encoding proteins indispensable 
for lytic replication such as viral DNA polymerase (ORF9), the 
major capsid protein (ORF25), and the major tegument protein 
(ORF64). Among AlHV-1-specific genes, RNA expression of the 
coding sequences of A2, A3, A4, A4.5, A6, A9, A9.5, and A10 was 
observed. Little or no expression of A5, A7, or A8 was detected, 
suggesting that the viral G protein-coupled receptor encoded by 
A5 and the gp42/gp350-homolog envelope proteins encoded by 
A7 and A8 are not expressed in T lymphocytes during MCF (25, 
26). However, expression of the essential envelope glycoprotein 
B (ORF8) was detected, likely explaining the detection of 
anti-AlHV-1 antibodies (SI Appendix, Fig.  S1C). These results 
demonstrate the expression of selective regions across AlHV-1 
genome, including protein-encoding genes that were involved in 
CD8+ T cell reprogramming and MCF lesions.

A10 Gene Expression Is Essential for MCF Induction. Among viral 
genes found to be expressed in CD8+ T cells during MCF (Fig. 4A), 
A4 and A10 might be involved in T cell reprogramming. Indeed, 
based on predictive analyses, A4 is a potential ortholog of the 
oncogene STP encoded by SaHV-2 (34). In addition, A10 encodes 
a putative transmembrane protein sharing sequence similarities 
with the oncoprotein TIP of SaHV-2, including a predicted 
immunoreceptor tyrosine-based activation motif (ITAM) and an 
SRC homology 3 (SH3) domain. To determine whether either or 
both of A4 or A10 are involved in MCF pathogenesis, recombinant 
viruses were generated to impair the expression of either or both of 
A4 or A10. First, a nonsense mutation was inserted in the coding 
sequence of A4 to generate a A4STOP virus (SI Appendix, Fig. S10 
A and B). The A4STOP virus could replicate efficiently in  vitro D
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Fig. 3.   scRNA-seq of circulating bovine CD8+ T lymphocytes during MCF. ScRNA-seq was performed on cryopreserved CD8+ T lymphocytes at endpoint from a 
mock-infected calf or from a calf developing MCF. (A) Split UMAP visualization of combined single CD8+ T cell transcriptomes of WT or Mock-infected calves, with 
unsupervised Seurat clustering analysis. (B) Proportions of each cluster in each dataset. (C) Differential gene signatures. Curated genes are highlighted for each 
cluster. (D) FeaturePlot of expression of selected genes. (E) ViralTrack analysis of AlHV-1 RNA expression, plotted on the UMAP visualization. Scale is represented 
as a heatmap of the level of viral RNA expression. Each virus-positive cell is identified with a circle. (F) Unsupervised Seurat clustering of clusters 3, 5, and 6 as 
a subset of the global dataset. (G) FeaturePlot of AlHV-1 RNA expression in C3, C5, and C6. (H) RNAVelocity trajectory analysis.
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and induce MCF in the rabbit experimental model (SI Appendix, 
Fig. S10 C–G). Thus, A4 is not involved in MCF induction. Then, 
we generated two complementary mutant viruses impaired for A10 
expression. The entire A10 coding sequence was deleted to generate 
an A10DEL virus, and a nonsense mutation inserted in the coding 
sequence of A10 to create the A10STOP virus (Fig.  5 A and B). 
Although the A10DEL and A10STOP viruses replicated efficiently 
in vitro (Fig. 5 C and D), both were unable to induce hyperthermia 
in infected rabbits (Fig. 5E), and all rabbits survived the infection 
except for animals infected with the WT virus, which developed 
MCF clinical signs and lesions (Fig. 5F). The lack of A10 expression 
resulted in the absence of splenomegaly and adenomegaly (Fig. 5G), 
no expansion of CD8+ T cells (Fig. 5H), and no infiltration of 
lymphoblastoid cells in tissues (Fig.  5I). Interestingly, while the 
viral DNA load strikingly increased after infection with the WT 
virus, few or no viral copies were detected in PBMC after infection 
with the A10DEL and A10STOP viruses (Fig.  5J). Finally, specific 

anti-AlHV-1 antibodies were detected in all infected rabbits 
(Fig. 5K). These results demonstrate that A10 expression is essential 
for MCF induction, which was further confirmed with a double 
A4STOPA10STOP recombinant virus (SI Appendix, Fig. S10).

Phosphorylation of Tyr Residues in A10 Is Required for MCF, 
but ITAM and SH3 Domains Are Not. A10 is predicted to encode 
a 472 amino acid transmembrane signaling protein (Fig. 6A), in 
which the intracytoplasmic domain contains an ITAM, a SH3 
domain, and 13 tyrosine (Tyr or Y) residues. Stable expression of 
a tagged form of A10 protein fused with two Flag (DYKDDDK) 
motifs revealed that A10 is constitutively phosphorylated in 
Jurkat cells (Fig. 6B). To further explore how A10 would signal 
in infected T cells to modulate T cell activation, we generated 
vectors expressing mutated forms of A10 for the ITAM (A10 
ITAMmut), the SH3 domain (A10 SH3mut), the Tyr residues 
replaced by phenylalanine residues (Phe or F; A10Y-13×-F), and 

Fig. 4.   Genome-wide viral RNA expression in circulating CD8+ T lymphocytes during MCF. (A) Coverage plot of AlHV-1 RNA expression across the viral genome. 
Each curve represents an individual calf. Green and red lines represent forward or reverse strands, respectively. Arrowed indicate predicted ORFs. “A” prefix 
refers to AlHV-1-specific genes. (B) Percentage of viral reads relative to the total number of reads for each sample. (C) Percentage of bovine and viral mapped 
reads normalized on the bovine or AlHV-1 genome size, respectively.
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Fig. 5.   A10 expression is dispensable for AlHV-1 propagation in vitro but is essential for MCF induction. (A) Generation of the A10DEL and A10STOP viruses. (B) 
Restriction profiles of the obtained constructs, after BamHI digestion and electrophoresis. EtBr: ethidium bromide. (C) Multistep growth curves. Cell-free and 
cell-associated infectivity viral titers are shown. Mean ± SD. (D) Infectious plaque areas. Mean ± SD. (E) Body temperature overtime. (F) Percent of MCF induction 
over time. (G) Spleen and popliteal lymph node (pLN) mass at time of sacrifice. Mean ± SEM. (H) Proportions of CD8+ T cells in PBMCs analyzed by flow cytometry. 
(I) Histological characterization. Kidney sections of one rabbit representative of each group are shown. Arrows indicate renal corpuscles. (J) Viral genome copies 
in PBMCs overtime. RT-PCR quantification was normalized on 105 copies of cellular β-globin. (K) AlHV-1-specific antibodies in the serum as measured by indirect 
ELISA. (D, E, G, and H) Individual measurements are shown. One-way ANOVA with Sidak’s post hoc test was used to identify significant differences (*P < 0.05, 
**P < 0.01, ***P < 0.001).D
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both the SH3 domain and Tyr residues (A10Y-13×-F-SH3mut) 
(Fig. 6C). Confocal microscopy revealed that A10 forms clusters in 
Jurkat-A10 cells (Fig. 6D), as previously observed for SaHV-2 TIP 
protein (35), whereas the ITAM and SH3 mutations disrupted 
the subcellular localization of A10. Phosphorylated Tyr residues 
colocalized with Flag-specific signals in Jurkat-A10, Jurkat-A10 
ITAMmut, and Jurkat-A10 SH3mut cells. However, phosphorylated 
Tyr residues did not colocalize with the Flag-specific signal in 
Jurkat-A10Y-13×-F or Jurkat-A10Y-13×-F-SH3mut cells, demonstrating 
effective knock-in mutations of phospho-Tyr residues (Fig. 6D). 
In vitro restimulation with increasing concentrations of anti-CD3 
(SI Appendix, Fig. S11A) resulted in significant upregulation of 
the T cell signaling activation marker CD69 in Jurkat-A10, 
when compared to the Jurkat cell lines expressing the A10Y-13×-F 
mutants (SI Appendix, Fig. S11 A and B). Moreover, WT A10 
expression in Jurkat drove increased expression of GZMA and 
GNLY (SI Appendix, Fig. S11C). Thus, these results demonstrate 
that Jurkat-A10 cells have altered T cell signaling and display an 
activation phenotype, which was not observed in Jurkat-A10Y-13×-F 
or Jurkat-A10Y-13×-F-SH3mut transduced cell lines. Then, AlHV-1 
recombinant viruses were generated to express A10 mutant forms 
devoid of ITAM or SH3 motifs as well as expressing the A10Y-13×-F-
SH3mut knock-in gene (SI Appendix, Fig. S12 A–D). Importantly, 
the absence of a functional ITAM or SH3 domain in A10 did not 
significantly affect the development of MCF upon rabbit infection 
(Fig. 7 A and B and SI Appendix, Fig. S13), indicating that these 
elements are dispensable for driving MCF induction. In contrast, 
while recombinant AlHV-1 A10Y-13×-F-SH3mut virus did not show 
any growth defect in vitro (SI Appendix, Fig. S12 E and F), rabbit 
infection with the A10Y-13×-F-SH3mut virus did not result in MCF 
clinical signs, hyperthermia (Fig. 7C), CD8+ T cell expansion in 
PBMCs, spleen and pLN (Fig. 7 D and G), enlargement of spleen 
and lymph nodes (Fig. 7H), lymphoblastoid cells in the tissues 
(Fig. 7I), or significant viral genome detection (Fig. 7 J and K). 
In addition, when rabbits infected with the AlHV-1 A10Y-13×-F-
SH3mut virus were challenged with the pathogenic AlHV-1 WT 

virus, the animals did not develop MCF (Fig. 7 E–I), suggesting 
that mutation of A10 does not impair protective immunization. 
Thus, phosphorylation of Tyr residues in the A10 protein is a part 
of the mechanism driving MCF development in vivo.

Discussion

MCF is a lymphoproliferative disease that can develop in several 
species of hooved mammals of the subfamilies Bovinae and 
Cervidae and is induced by cross-species transmission of certain 
herpesviruses in the Macavirus genus (4). Among these viruses, 
AlHV-1 is the most studied as it is able to replicate in cell culture 
and can induce MCF experimentally in susceptible animal species. 
However, AlHV-1 infection does not induce major clinical signs 
or lesions in its natural host, the wildebeest, suggesting a high 
degree of adaptation of the virus to its host during coevolution. 
Thus, it appears likely that AlHV-1 has evolved mechanisms to 
persist in wildebeest, whereas transmission to related animal spe-
cies can result in the development of a deadly disease via a mech-
anism involving latent infection of CD8+ T lymphocytes that 
induces cell proliferation and activation (14–20). However, the 
exact nature of CD8+ T cell responses to AlHV-1 infection and 
the virus-driven mechanisms resulting in CD8+ T cell activation 
remained largely unknown.

This study demonstrates that AlHV-1 infection in cattle drives 
the oligoclonal expansion of CD8+ T lymphocytes. Analysis of 
the TRA and TRB repertoire highlighted the significant loss of 
TCR diversity in calves developing MCF that was due to the 
oligoclonal expansion of private clonotypes. Although we still do 
not know how AlHV-1 enters CD8+ T cells, these findings show 
that the expansion of CD8+ T cells is likely explained by clonal 
proliferation of multiple infected cells. The nature of the expansion 
of CD8+ T cells during MCF was further revealed by (sc-)RNA-seq 
and ATAC-seq, which identified a unique gene signature associ-
ated with mixed effector/memory and exhaustion features, includ-
ing the upregulation of TOX2, EOMES, PDCD1, GZMA, GNLY, 
and GZMK. Importantly, expansion was only observed upon 

Fig. 6.   A10 encodes a phosphorylated transmembrane protein. Jurkat stable cell lines were generated by transfecting linearized expression vectors followed 
by geneticin positive selection. (A) Peptidic sequence of A10 highlighting ITAM motif, SH3, and transmembrane domains. Tyrosine residues are highlighted in 
bold green. (B) Anti-FLAG immunoprecipitation of Jurkat or Jurkat-A10 cell lines, followed by immunoblotting specific for FLAG and phospho-Tyr. (C) Expression 
vectors of mutated forms of A10 in plasmid vector pEFIN3. Mutated A10 coding sequences are transcribed as a polycistronic RNA, separated from a neomycin 
resistance gene by an internal ribosome entry site (IRES). (D) Confocal analysis after cytospin of Jurkat cells followed by anti-FLAG and anti-phospho-Tyr co-
staining. Nuclei are stained with DAPI. (Bars, 50 μm.)
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infection with a virus able to maintain its genome in the infected 
cells. The canonical T cell exhaustion regulator TOX was not 
upregulated (36–39), but TOX2 may also drive T cell exhaustion 
or chromatin accessibility of follicular T cells in mice as well as 
regulate natural killer cell fate in human (40–42). Although it 
remains unclear how TOX2 is activated, our findings highlighted 
profound transcriptomic changes during MCF as well as signifi-
cant differences in open chromatin regions with enriched T-box 
(EOMES, TBX21, and RUNX2/3) or IRFs transcription factors 
motifs, demonstrating that AlHV-1 infection drives specific acti-
vation pathways in T lymphocytes.

Although viral RNA could not be detected in all CD8+ T cells 
of MCF-specific clusters C3 and C6, we previously demonstrated 
that a majority of CD8+ T cells carry the viral genome during MCF 

(19). It is possible that a small fraction of infected cells would 
activate uninfected CD8+ T cells in a bystander fashion, but it 
appears more likely that the level of viral gene expression remains 
low and undetectable by scRNA-seq in many cells. Supporting this 
hypothesis, bulk RNA-seq only identified a small fraction (a max-
imum of 2.4 × 10−2 percent) of viral sequences mapping on the 
AlHV-1 genome, whereas low cell number input RT-qPCR iden-
tified 1 infected CD8+ T cells out of 25. An additional nonexclusive 
hypothesis could be a “hit and run” phenomenon where AlHV-1 
infection would sustainably reprogram T lymphocytes that would 
then lose viral epigenomes while proliferating. Coverage analysis 
revealed that a number of specific regions of the viral genome were 
expressed. Genes A1, A5, A7, and A8 were barely transcribed in 
CD8+ T cells, and it was already known that A2, A3, and A5 are 

Fig. 7.   A10 phosphorylation is essential for MCF induction but independently of ITAM and SH3 motifs. (A and B) MCF induction (A) and proportions of CD8+ T 
cells in PBMCs (B) rabbits infected with WT, A10-ITAMDEL, A10SH3DEL, or A10-ITAM/SH3DEL virus strains or mock-infected. (C and D) Body temperature overtime 
(C) and proportions of CD8+ T cells in PBMCs (D) after intranasal inoculation of media (Mock), WT, or A10Y-13-FSH3mut virus strains. (E and F) Body temperature 
overtime (E) and proportions of CD8+ T cells in PBMCs (F) after intranasal WT challenge of the mock or A10Y-13-FSH3mut-infected rabbits in panel (C). (G) Proportions 
of CD8+ T cells in pLN and spleen at time of euthanasia. (H) Spleen and pLN mass at time of euthanasia. (I) Histological characterization. Representative kidney 
and liver sections are shown. (J and K) Viral genome copies after inoculation as in (C) in PBMCs over time (G) or in pLN and spleen at time of euthanasia (H). RT-
PCR quantification was normalized on 105 copies of the cellular β-globin gene sequence. Data are plotted as individual measurements. Mean ± SEM. One-way 
ANOVA with Sidak’s post hoc test was used to identify significant differences (*P < 0.05, ***P < 0.001).
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not essential for MCF (25, 27, 28). Among these detected viral 
RNAs, genes A4.5 and A9 are viral Bcl-2 homologs and might 
regulate cell survival and hence lymphomagenesis. However, EBV 
also encodes two viral Bcl-2 homologs that have been shown to be 
dispensable for B cell proliferation once latency is established (43). 
A6 encodes a b-ZIP protein that is thought to regulate the shift 
from latency to replication, while A9.5 encodes a viral secreted 
protein having some sequence similarities with interleukin 4, 
although its function during MCF remains unknown (44, 45). We 
learned further from viral RNA read coverage from RNA-seq anal-
ysis that infected CD8+ T cells express genes that tend to be asso-
ciated with latent or abortive replication rather than lytic 
replication, thus confirming our previous findings (15, 16, 19).

We further focused our attention on two putative oncogenes 
based on their positional and sequence homology to other her-
pesviruses. We identified A4 and A10 as putative homologous 
to SaHV-2 oncogenes STP and TIP, respectively (22, 46), and 
having homologs in the OvHV-2 genome (47, 48). Impaired 
expression of A4 or A10 (or both) did not significantly affect 
viral growth in vitro, suggesting that both genes are dispensable 
for viral replication. Interestingly, the lack of A4 expression did 
not affect the induction of MCF upon infection of rabbits and 
induced MCF-related hyperthermia with a shorter delay com-
pared to the WT virus. However, when A10 expression was 
impaired during infection in vivo, either by complete deletion 
of the protein-coding sequence or by insertion of an in-frame 
nonsense mutation, the virus was nonpathogenic and unable to 
induce MCF. These observations highlighted the role of the A10 
signaling protein in the induction of MCF, potentially via inter-
acting with the T cell signaling pathway leading to persistent T 
cell activation. The SaHV-2 TIP oncoprotein has been shown 
to make lipid rafts on the cell membrane and interact with Lck 
and Zap-70 in transduced T lymphocytes (35, 46, 49, 50), which 
is similar to our observations while studying A10 protein expres-
sion in the Jurkat cell lines. Surprisingly deletion from the viral 
genome of the predicted ITAM or the SH3 domain (or both) 
did not affect the induction of MCF upon infection, while muta-
tion of ITAM/SH3 sequences disrupted subcellular localization 
in Jurkat cells. The observations that the A10 putative ITAM or 
SH3 domain are not essential to induce MCF but likely alters 
lipid-raft formation rather suggest that these putative elements 
might play a role in the regulation of T cell activation during 
infection in the natural host, the wildebeest. However, when the 
thirteen Tyr residues were mutated to Phe in the A10Y-13×-F 
mutant protein, the resulting protein localized as clusters likely 

at the surface of Jurkat cells like the native A10 protein, and 
when AlHV-1 expressed this mutated form of A10, the virus 
was unable to induce MCF. Thus, these results indicate a deter-
minant role of A10 phosphorylation in infected CD8+ T cells 
that ultimately drives the peripheral T cell lymphomagenesis 
observed during MCF.

What remain unknown are the molecular partners of phosphoryl-
ated A10 involved in T cell reprogramming, leading to the observed 
expansion and activation. However, our findings indicate that MCF 
results from an alteration of T cell signaling in infected CD8+ T cells, 
leading to the lymphoproliferation of activated/exhausted T cells in 
which A10 and its phosphorylation play an essential role.

Materials and Methods

Ethics statement, cell lines and viruses, animals and viral infection, PBMC prepara-
tion, antibodies and flow cytometry, CD8+ T cell isolation, RNA extraction, RNA-seq 
and analysis, TCR-sequencing and CDR3 sequence analysis, ATAC-seq, scRNA-seq 
and single-cell VDJ analysis, production of recombinant virus strains, viral growth 
curves and plaque size assay, quantification of viral genomes and cDNA synthesis 
for RT-PCR, antibody ELISA, histological analysis, plasmid construction, Jurkat cell 
transduction and establishing stable cell lines, confocal analysis, Western blot 
and immunoprecipitation, and statistical analysis are described in SI Appendix, 
Materials and Methods.

Data, Materials, and Software Availability. Sequencing data have been 
deposited in NCBI Genbank (GSE253729) (29). All other data are included in 
the manuscript and/or supporting information.
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