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Celltherapies have yielded durable clinical benefits for patients with cancer, but
therisks associated with the development of therapies from manipulated human
cells are understudied. For example, we lack acomprehensive understanding of the
mechanisms of toxicities observed in patients receiving T cell therapies, including
recent reports of encephalitis caused by reactivation of human herpesvirus 6 (HHV-6)".
Here, through petabase-scale viral genomics mining, we examine the landscape

of human latent viral reactivation and demonstrate that HHV-6B can become
reactivated in cultures of human CD4* T cells. Using single-cell sequencing, we
identify a rare population of HHV-6 ‘super-expressors’ (about 1in 300-10,000 cells)
that possess high viral transcriptional activity, among research-grade allogeneic
chimeric antigen receptor (CAR) T cells. By analysing single-cell sequencing data
from patients receiving cell therapy products that are approved by the US Food and
Drug Administration® or are in clinical studies®>, we identify the presence of HHV-
6-super-expressor CART cells in patients in vivo. Together, the findings of our study
demonstrate the utility of comprehensive genomics analyses inimplicating cell
therapy products as a potential source contributing to the lytic HHV-6 infection that
hasbeenreported in clinical trials"*"® and may influence the design and production of
autologous and allogeneic cell therapies.

During the first years of life, humans become exposed to endemic
pathogens that infect nearly the entire population®°. Although pri-
mary infection typically clears with subclinical symptomes, viruses from
the Herpesviridae, Polyomaviridae, Adenoviridae and Parvoviridae
families, among others, can become quiescent, resulting in a latent
phase of the virus that is stably maintained in healthy individuals'.
Under acute stress conditions, such asimmunosuppressive states fol-
lowing haematopoietic stem cell transplantation™ or trauma’, latent
viruses may become reactivated, leading to a variety of complex clinical
manifestations' (Fig.1a). Although there have been anecdotal reports
of latent viral reactivation, we lack a complete understanding of the

factors and mechanisms underlying latency and the settings in which
latent viruses becomereactivated. Notably, viral reactivation has more
recently been described as a complication in patients receiving CAR
T cell therapies''?, an emerging therapeutic modality that redirects
T cells towards a specific antigen using a transgene receptor typi-
cally containing an antibody fragment and T cell receptor signalling
domains. One recent study prospectively tested patients receiving
CART celltherapy for viral reactivation, identifying that approximately
oneintenpatients had detectable HHV-6 viraemia following CART cell
infusion with a median of 21 days to the first positive test”. However,
the factors driving viral latency and reactivation in these emerging
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Fig.1|Petabase-scale analysis of viral nucleic acids reveals that HHV-6 is
reactivatedin human T cells. a, Schematic of life cycles of endogenous human
viruses. Viruses can enter alatent phase after primary infectionand become
reactivated following environmental cues, including drugs, immunization and
otherinfections. b, Enumeration of BioSamples with human viruses showing
signs of reactivationbased on expressed viral nucleicacids inhuman Sequence
Read Archive samples. ¢, Proportion of BioSamples with viral transcriptional
expressionannotated as T cells. These eight viruses showed evidence of
reactivationspecifically in T cells whereas the remaining viruses fromb
showed nosuchevidence of reactivation. d, Reanalysis of RNA-seq data from
ref.22.CD4" T cells from three separate donors were either infected with HIV or

celltherapies that are most often given with lymphodepleting chemo-
therapy have not been fully characterized.

Here we use comprehensive genomics analyses to link specifichuman
cell states to viral reactivation events. Through reanalysis of exist-
ing sequencing datasets, we identify that HHV-6, an endemic beta-
herpesvirus, becomes reactivated in standard CD4" T cell cultures.
Using single-cell genomics, we characterize arare CART cell state with
high expression of HHV-6 in both cell cultures in vitro and patients
in vivo. Together, our analyses demonstrate the ability of genomics
technologies to uncover new associations in cell therapy settings that
may affect future clinical and manufacturing guidelines.

Landscape of human virus reactivation

In an effort to study human viral reactivation systematically, we
mined a petabase-scale resource, Serratus®, that quantified viral
abundance from RNA-sequencing (RNA-seq) and DNA-sequencing
data from the Sequence Read Archive'®. We considered the occur-
rence of high-confidence viral RNA from 129 curated human viruses",
focusing on the 17 viruses across the Herpesviridae, Polyomaviridae,
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mockinfected and cultured for about 2 weeks. Shownisthe percentage of RNA
moleculesaligning to the HHV-6B reference transcriptome e, Reanalysis of the
datafromref.18. Naiveand memory CD4" T cells were separated and cultured
for2weeks.Shownisthe percentage of RNA molecules aligning to the HHV-6B
reference transcriptome. f, Quantification of HHV-6B episomal DNA froma
reanalysis of ChIP-seq data fromref. 18. Shown are the percentages of DNA
reads uniquely mapping tothe HHV-6B transcriptome, noting the percentage
oftotal DNA reads mapping tothe HHV-6B reference genome. g, Coverage of
the HHV-6B genome across two ChIP-seq libraries from different donors from
ref. 18. Repetitive regions on the ends of the chromosome show no uniquely
mappingreads.

Adenoviridae and Parvoviridae families that are known to have latent
replication cycles and can reactivate in vivo'® (Methods and Supple-
mentary Table 1). For 15 of these 17 viruses, we observed annotation
of viral RNA in at least one BioSample, totalling 8,617 libraries over
6,902 distinct BioSamples with plausible viral RNA expression, and in
turn, potential lytic reactivation (Fig.1b, Methods and Supplementary
Table 2). After defining this landscape, we examined samples with the
highest levels of RNA per virus, including Epstein—-Barr virus (EBV)
expression in B cells (Supplementary Table 3). We observed that the
top positive samples for HHV-6 came from primary T cell cultures for
which no record of the HHV-6 virus was noted in the original study'®
and anoverall enrichment of T cell BioSamples with HHV-6 compared
with other viruses (Fig. 1c and Supplementary Table 3).

Although HHV-6 latency is generally established through a primary
infectioninthe first 2 years of life, approximately 1% of the population
has chromosomally integrated HHV-6 that is transmitted following
Mendelian principles®. For >90% of the population, primary infection
of HHV-6 occurs duringinfancy and may manifest as roseolainfantum,
characterized by high fever and exanthema. Although complications
from these primary infections in infancy are rare, the reactivation of



HHV-6 in adulthood can cause severe disease, including encephali-
tis. Inimmunocompromised individuals, including those receiving
chemotherapy, HHV-6 reactivation can be lethal. Two strains of HHV-6
are endemic worldwide: HHV-6A infections are largely confined to
sub-Saharan Africa?®, whereas HHV-6B accounts for 97-100% of HHV-6
infections reported in the USA, Europe and Japan. Notably, the recep-
tor for HHV-6B, 0X40 (also known as CD134; encoded by the gene
TNFRSF4)%, is specifically upregulated during CD4* T cell activation
(and, toalesser extent, during CD8" T cell activation), and the TNFRSF4
transcript is detectable in a variety of healthy tissues (Extended Data
Figs.1and 2). Comparing the viral abundances from T cell libraries
showing plausible HHV-6 expression, we observed substantially more
annotated HHV-6B viral RNA than HHV-6A viral RNA for all libraries,
consistent with the epidemiological prevalence of these viruses (Meth-
ods and Extended Data Fig. 3a). Thus, we used the HHV-6B reference
genome (Genbank AF157706) for subsequent analyses.

HHV-6isreactivatedinT cell cultures

To better understand the kinetics of HHV-6 reactivationin T cell cul-
tures, we reanalysed sequencing data from the two studies nominated
by our computational screen that showed high levels of viral reactiva-
tion'8?, For both studies, T cells were cultured under standard condi-
tions (activation with anti-CD3 and anti-CD28 beads plusinterleukin-2
(IL-2)) and were profiled longitudinally by RNA- and DNA-based sequenc-
ing.Inref. 22, total CD4" T cells from three separate donors were infected
withHIVormockinfectedand culturedfor14 days. Twodonors (14 and 49)
showed clear evidence of HHV-6B reactivation in both conditions
over the 2 weeks in culture, including a sample in which nearly 3.5%
of all RNA molecules were derived from HHV-6B and mapped across
the entire HHV-6B transcriptome (Fig. 1d and Extended Data Fig. 3b).
Analysis of the datafromref. 18, in which naive and memory CD4" T cells
were separated and cultured for 2 weeks before profiling with RNA-seq
(Fig.1eand Extended DataFig. 3¢) and chromatinimmunoprecipitation
with sequencing (ChIP-seq) (Fig. 1f,g), similarly indicated HHV-6B reac-
tivation. Cellsin culture fromdonor 5,131 expressed HHV-6B transcripts
athigh levels (about 4.27% of sequenced RNA molecules) after 2 weeks
of memory CD4'T cell culture in vitro. As this study used the same cell
cultures to carry out ChIP-seq targeting histone modifications, we
remapped ChIP-seqreads to estimate the abundance of HHV-6-derived
DNA fromthese samples (Methods). We observed that all three donors
showed evidence of HHV-6B DNA copy number increase throughout
the cultures, including asample from donor 5,131that had the highest
viral copy number for both DNA and RNA (Fig. 1e,f and Methods). We
confirmed that these mapped DNA molecules were derived from the
HHV-6B virus, again noting the uniform coverage across the HHV-6B
reference genome outside repeat regions and across all transcripts
(Fig.1g, Extended Data Fig. 3b and Methods). Here we note that detec-
tion of HHV-6 was robust to viral polymorphisms, as Serratus detected
these BioSamples despite hundreds of single nucleotide variants differ-
ing from the reference genome (Extended DataFig. 3d and Methods).
Finally, public data mining provided additional support for HHV-6
reactivationin other contexts, including BioSamples with high HHV-6B
derived from patients with bronchiolitis®, graft-versus-host disease?,
purified T cell populations from patients with cutaneous T cell lym-
phoma? and therapeutic regulatory T cell cultures® (Extended Data
Fig.3e-gand Supplementary Table 4). Intotal, analysis of these public
datasets links the reactivation and transcriptional activity of HHV-6B
inTcellsinvitroandin vivo.

CART cellsreactivate HHV-6 in vitro

Inlight of eight cases of HHV-6 encephalitis from patients receiving CAR
T celltherapy, including in three recent clinical trials**8, we reasoned
that cell therapy products could present a potential source of HHV-6

reactivation responsible for the subsequent clinical presentation. To
assess this, we monitored research-grade allogeneic CAR T cells over
a19-day manufacturing window, a standard duration for allogeneic
cultures, and screened cultures with quantitative PCR (QPCR) to detect
the U31 DNA from the HHV-6B virus (Methods). We identified four
exemplar peripheral blood mononuclear cell (PBMC) lots derived from
healthy donors that by day 19 expressed a range of HHV-6B from 0.0015
t0 0.90 copies of U31 per cell (Fig. 2a). Two of these donors, 34 and 38,
were monitored longitudinally, which demonstrated low, if any, early
HHV-6 DNA before a rapid increase after approximately 2 weeks in
culture (Fig.2b). These data provide direct support corroborating our
observations from the Serratus analysis and demonstrate that HHV-6
nucleic acid can become more abundant in T cell cultures over time,
consistent with viral reactivation.

To better understand the dynamics and cell states of reactivated
HHV-6B during cell culture, we considered whether HHV-6 would be
uniformly reactivated across a cell population (model 1) orifonly a
subset of cells may spread the virus throughout the culture (model 2;
Fig. 2¢). In line with recent efforts that quantify both viral and host
gene expression at single-cell resolution?, we established an efficient
pseudoalignment pipeline after single-cell RNA-seq (scRNA-seq) to
quantify HHV-6B transcripts with no detectable false positive quan-
tification that would ordinarily occur owing to homology of viral
transcripts with the human KDM2A gene (Methods). Our single-cell
characterization of CAR T cell cultures revealed the presence of rare
HHV-6" cells that we term ‘super-expressors’ (thatis, cells that have 10
viral unique molecular identifiers (UMIs)), supporting our model 2,
in which only a subset of cells initially express HHV-6B (Fig. 2¢,d and
Extended DataFig.4a). For these cells, we detected expression of 90 of
103 HHV-6Btranscripts, includingimmediate-early viral genes that were
enriched among a subset of super-expressors, suggesting that these
cells had recently reactivated or been infected by HHV-6B (Extended
DataFig.4b). Intotal, these rare super-expressors accounted for only
0.2% of total cells in culture for donor 98 despite expressing most of
the total HHV-6 viral RNA detected (99.2%; Fig. 2d). We confirmed the
existence of such rare cell populations, finding that between 0.01%
and 0.3% of cells (or1in 360-10,000) reactivated or expressed HHV-6
transcripts at high levels across three donors (34,97 and 98). Using the
host (T cell) gene expression signatures, we carried out standard dimen-
sionality reduction and annotation, revealing that super-expressors
were confined tothe CD4* T cell compartment, consistent with relative
overexpression of the HHV-6B entry receptor OX40in CD4" T cell sub-
sets (Methods and Extended Data Figs. 1a and 4c). For a fourth donor
(38), no HHV-6B’ cells were detected, corresponding to anegative U31
qPCR value (Fig. 2e). Sequencing of T cell receptor af3 chain (TCRaf)
transcripts revealed that none of the HHV-6B" cells from these donors
shared a clonotype receptor sequence, indicating that reactivation of
HHV-6is of a polyclonal origin and is not restricted to a single expand-
ing clonotype (Fig. 2e).

For one donor (98), we sought to further characterize viral RNA
and DNA abundance in the same cell using single-cell multi-omics.
Here we used a concomitant assay for transposase-accessible chro-
matin (DNA) and RNA-seq from the same cells as active HHV-6 DNA
exists as an episome in the nucleus (Extended Data Fig. 5a). Profil-
ing 13,952 cells from this donor, we detected HHV-6B DNA or RNA in
22.5% cells (n =3,139). At the single-cell level, our profiling revealed a
strong correlation between viral DNA and RNA detectioninindividual
CART cells (Pearson r = 0.57), directly linking our quantification of
viral RNA from scRNA-seq to viral DNA abundance (Extended Data
Fig.5b). After stratifying the HHV-6B transcripts as immediate early,
early and late using a previous annotation®, we computed a per-cell
metric of viral gene expression to identify a population of cells with
high expression ofimmediate-early transcripts, in addition to popu-
lations that spanned variable levels of early and late gene expres-
sion (Methods and Extended Data Fig. 5¢). Cells with high early viral
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Fig.2|scRNA-seqidentifies rare HHV-6-expressing cellsin CART cell
culture. a, Quantification of HHV-6B by qPCR at day 19 for four donors
normalized to the cell count. Barsare shownin order of increasing abundance.
b, Longitudinal qPCR surveillance of HHV-6B U31 gene copiesin CAR T cell
culture fromtwo donors. ¢, Schematic of the single-cell sequencing workflow
todetect HHV-6" cells fromthe CAR T culture. Two models are presented that
would explain HHV-6 reactivation: model 1 (top), in which all cells express
HHV-6 transcripts; and model 2 (bottom), in which only asubset of cells express
HHV-6B.Both the hostand HHV-6B viral RNA can be directly quantified using
the10x Genomics scRNA-seqworkflow. d, Summary of HHV-6B expression
fromanindividual donor (98). The top 0.2% of cells contain 99% of the HHV-6B
transcript UMIs from this experiment. e, Tabulated summary of scRNA-seq
profiling for four CART donors, including number of cells profiled, percentage
expressing HHV-6, U31 qPCR value and number of shared TCR clones between

RNA expression had the highest viral DNA abundance, consistent
with the known role of early genes in facilitating viral replication®
(Extended Data Fig. 5d,e). Thus, these single-cell analyses directly
link our observed viral transcription to viral replication, which was
further corroborated by correlating measurements at the donor level
(Extended Data Fig. 5f).

For products from two donors, we extended the time of T cell expan-
sionand collected scRNA-seq libraries after a total of 25and/or 27 days
fromtheinitiation of the culture. Analysis of data from these later time
pointsrevealed anincrease in the abundance of HHV-6B transcripts by
about1,200-2,000 fold, compared to day 20 (Fig. 2f). Notably, 49% and
62% of all T cells were HHV-6 super-expressors, including both CD4*
and CDS8’ cells, indicating lytic reactivation and viral spreading, which
we confirmed using both scRNA-seq and immunofluorescence (Fig. 2g
and Extended DataFig. 6a,b). The wide prevalence of the virus in vitro
verifies that reactivated HHV-6 spread across the culture, probably
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the HHV-6B" cells. N/A, not applicable. f, Extended longitudinal sampling of
HHV-6B through U31 qPCR. Number atright end of each plotlineindicates
thefold (x) increase from the first gPCR measurement (day 21) to the final
measurement (day 27; black outline) for each donor. g, Schematic and summary
of HHV-6B expressionin donor 34 after 19 and 25 days, showing evidence of
HHV-6B spreadinginthe culture as depicted in the schematic. h, Correlation
analyses of host factor gene expression with HHV-6B RNA abundance in
individual cells for donor 34 on day 25. The per-gene correlation statistics are
showninblack against apermutation of the HHV-6B expressionin grey. Select
genesareindicated. i, Pathway enrichment analysis of Molecular Signatures
Database Hallmark gene sets for gene set enrichment analysis. A positive
normalized enrichmentscore correspondsto genes that are overexpressed in
cellswith large amounts of HHV-6B transcript.

facilitated by the fact that its entry receptor OX40 is a co-stimulatory
molecule expressed at high levels on activated T cells.

Next we sought to link host gene expression programs with HHV-6B
activation (Methods). Using the day-19 transcriptomic profiles, HHV-6
super-expressors compared to other HHV-6B negative cells showed a
consistent upregulation of lymphotoxin-a (LTa) and downregulation
of LT (Methods and Extended Data Fig. 6c), indicative of host cell gene
expression programs responding to the virus. However, we were unable
tonominate host factors, such as surface markers, that would segregate
cells capable of HHV-6 reactivation from other cells. For the three sam-
ples profiled with scRNA-seq after extended culture, we further used
a correlation statistic coupled with permutation testing to identify
hundreds of genes associated with HHV-6B infection following reactiva-
tionin culture (Fig.2h, Methods and Supplementary Table 5). Of note,
thisanalysis identified proviral genes such as HSPD1 and SLC3A2, which
have been characterized as positive regulators of other infections®*!



(Fig.2h). Conversely, weidentified upregulation of genes suchas LY6F
(ref. 32), STATI (ref. 33) and /L32 (ref. 34) in HHV-6B'* cells, each of which
has previously been implicated in antiviral control in other infection
contexts (Fig. 2h). After stratifying the HHV-6B transcripts into immedi-
ateearly, early and late, the only gene signature correlating with 0X40
expressioninsingle cells was theimmediate-early signature, aligning
with the expectation that recently infected cells would express higher
levels of the viral receptor (Methods and Extended Data Fig. 6d). Inte-
grated analyses of altered gene expression signatures associated with
HHV-6B expression levels corroborated the role of various proviral and
antiviral pathways, including typelinterferon response® and oxidative
phosphorylation® (Fig. 2i and Methods). Our host-viral association
analyses indicate that a subset of CAR T cells in culture that resists
infection show transcriptional signatures driving an antiviral response,
spanning metabolic transporters, transcription factors, cytokines and
surface molecules.

To determine whether the process of manufacturing CART cells is
sufficient to drive HHV-6 reactivation, we obtained cells from adonor
with chromosomally integrated HHV-6 and assessed HHV-6 DNA copy
number using the standard or modified versions of the manufactur-
ing protocol (Extended Data Fig. 7a). Over the 19-day manufacturing
window, we did not observe ameaningfulincrease in HHV-6 DNA copy
number; nor was there detectable viral RNA at either the beginning
or end of the manufacturing window (Extended Data Fig. 7b,c). These
results indicate that no individual step in the engineering of the CAR
T product is sufficient to drive HHV-6 reactivation, even if HHV-6 is
presentinevery celland OX40 is broadly expressed on activated CAR
Tcells. Instead, our datasuggest amodel inwhich HHV-6B reactivation
is a stochastic event that may be affected by various cues in the cell
culture and intrinsic differences in host cell state.

CARTcellsreactivate HHV-6 in vivo

Having characterized this phenomenoninvitro, we reasoned that these
cells could be a potential source of HHV-6 reactivation in patients. To
assess this, we reanalysed three cohorts of scRNA-seq datasets col-
lected from patients with B cell lymphoma or leukaemiareceiving one
ofthree autologous CART cell products (all targeting the CD19 antigen),
including US Food and Drug Administration (FDA)-approved axicabta-
gene ciloleucel and tisagenlecleucel, as well as from one early-phase
clinical study (S§JCAR19; NCT03573700). Across these three cohorts,
we screened single-cell expression profiles of 619,392 CART cells from
pre-infusion products and 829,535 cells from peripheral blood draws
weeks after the infusion (Fig. 3aand Table1). Of the 72 patient products,
we did not detect any HHV-6 viral transcripts through reanalysis of the
pre-infusion products (Fig. 3a and Table 1). However, we detected a
total of 28 cells in post-infusion samples that expressed one or more
HHV-6B transcripts, a significant increase in HHV-6" cells over the
pre-infusion profiles (P=1.98 x 10°%; two-sided Fisher’s exact test).
Out of 35 donors with high-quality post-infusion scRNA-seq profiles,
we detected HHV-6" cells in four donors, including a total of thirteen
‘super-expressor’-like cells (Fig. 3b and Methods). Using CAR protein
(from flow-enriched cells), CAR transcript, TCRa3 transcript and CD3
expression, we verified the cellular identity of 28 total HHV-6B" cells
as engineered CAR T cells that expressed a diversity of HHV-6B tran-
scripts, indicating viral reactivation in vivo (Fig. 3b,c, Methods and
Supplementary Table 6). To verify the specificity of our results, we
applied our single-cell HHV-6-quantification algorithmto about 1,000
PBMC samples, each stemming froma different donor, and more than
60 tissues from healthy donors (Methods). Although a variety of cells
express 0X40 throughout the body, we did not detect asingle HHV-6B
transcriptin these datasets, despite the high seroprevalence of previ-
ous HHV-6 infection and the presence of detectable viral DNA¥. These
results indicate that HHV-6 is not transcriptionally active in PBMCs at
steady state.

we more closely examined the timecourse-6" CAR T cells in vivo,
we more closely examined the timecourse of two patients with
super-expressorsinthe post-infusion blood draws. First, we examined
additional samples from the patient, axi-R-15, whose cells showed the
highest number of captured HHV-6B transcripts. We complemented
the existing sScRNA-seq profiles by sequencing another 31,953 cells for
this patient spanning four time points, including weekly blood draws
to day +21 (Fig. 3d and Methods). Along this timecourse, we observed
HHV-6" cells only at day 7, when the HHV-6" super-expressors were
present at an overall frequency of about1in 1,000 T cells (a total of
10 super-expressors were detected among 9,757 T cell scRNA-seq
profiles). Notably, this patient was clinically diagnosed withimmune
effector-associated neurotoxicity syndrome (ICANS) following axi-
cabtagene ciloleucel treatment and subsequently developed altered
mental status with tremulousness and word-finding difficulties begin-
ning onday +9, which peaked on day +12 (grade 3aby Common Termi-
nology Criteriafor Adverse Events criteria; grade 2by American Society
for Transplantation and Cellular Therapy criteria) before returning to
baseline by day +14 (Fig. 3d). Similarly, we observed a spike in HHV-6*
cells at day +7 that was resolved by day +14, noting that the dynamics
of viral reactivation and clearance could be observed within 1 week of
eachother (Fig.3d). Although the symptoms correlated with the pres-
ence of HHV-6" CART cellsintheblood, and are consistent with clinical
symptoms of HHV-6 encephalitis following CAR treatment’, we note
thatwe cannot conclude that the detection of HHV-6 in peripheral blood
is causal for the patient’s neurotoxicity. As delirium and neurocogni-
tive decline are common symptoms in patients with HHV-6 viraemia
receiving haematopoietic stem cell transplantation, whereas ICANS is
not®, we emphasize that HHV-6 may be a pathogenic agent for ICANS
insome—but probably not most—patients receiving CAR T cell therapy.

In asecond participant, we detected three HHV-6-super-expressor
cells from patient SJCAR19-09 in cohort 3. Of two patients tested for
HHV-6 by qPCR from this cohort, only SJCAR19-09 tested positive,
aligning with our single-cell-resolved detection of HHV-6" CAR T cells
in this individual. SJCAR19-09 continued to test positive by qPCR at
day +21 post-CAR T cell infusion and was started on foscarnet at day
+24 (Fig. 3e). After another positive qPCR test on day +27, the patient
no longer had detectable levels of HHV-6 at day +34 (Fig. 3e). In line
with these findings, we detected HHV-6" super-expressors at day +14
that persisted in vivo until day +21 before these cells were undetect-
able at day +27. As the CART cells used in cohorts 2 and 3 were cul-
tured only for 7-10 days before infusion, we reasoned that HHV-6 may
reactivatein vivo only after the therapy is administered. We reasoned
that an extension of the culture, as is carried out in many allogeneic
or gene-modification manufacturing contexts to achieve higher cell
numbers or efficacy, could lead to viral reactivationin vitro. To test this,
we extended the culture of the SJCAR19-09 infusion for an additional
2weeks and examined the culture using scRNA-seq at five time points
(Methods). Indeed, between 5 and 14 days of additional culture, we con-
sistently detected expression of HHV-6B spanning 58 of the 103 distinct
viral genes (Fig. 3f). These data support a model in which HHV-6 can
betranscriptionally detectedin vitro orinvivo between2and 3 weeks
after theinitialmanufacture of the CART cell product. For SJCAR19-09
and axi-R-15, the CART cellinfusion occurs before this window in which
detectable reactivation typically occurs. Asaconsequence, HHV-6* CAR
Tcells could be detected in peripheral blood draws from these donors
only after an additional 1-2 weeks of propagation in vivo.

Mitigation of HHV-6 spreadingin culture

The analysis of SJCAR19-09 suggests that foscarnet may be a prom-
ising agent to mitigate the effects of viral infection during therapy.
We reasoned that the addition of foscarnet to our allogeneic CAR
T cell cultures could mitigate viral reactivation and spreading. On the
basis of previous reports that included foscarnet in cell culture®, we
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Fig.3|HHV-6 reactivationin FDA-approved CART cells and clinically used
CARTcellsinvitroandinvivo. a, Schematicand summary of patient cohorts
for scRNA-seq profiling, noting different cell therapy products (axicabtagene
ciloleucel (axi-cel) and tisagenlecleucel (tisa-cel)) and two different time
points for sampling (pre-infusion product and post-infusionblood draws). The
numbersof total cellsanalysed and HHV-6" cells detected are noted underneath.
b, Summary heatmap of gene expressionin vivo for 22 HHV-6" cells from cohort
2followup and 6 HHV-6" cells from cohort 3 post-infusion samples. The number
of HHV-6 transcriptsisinthebluerectangles; greenrectanglesindicate nonzero
host expression (Methods). ¢, Heatmap of 86 detected HHV-6B transcripts
(columns) across the described 28 individual cells (rows, asinb) grouped by
viral gene class (immediate-early, early and late expressing genes as previously
described®).d, Summary of the clinical timecourse of patient axi-R-15, noting

thawed day-19 vials from our allogeneic CAR T cell donors and com-
pared cultures extended another 5 days with and without foscarnet
at concentrations previously described (1, 2.5 and 5 mM; Methods).
Quantifying viral abundance through qPCR with reverse transcription,
our results confirmed that the addition of foscarnet during culture
led to alower viral RNA abundance compared to that of the untreated
control (P=0.00026; ordinary least squares linear model; Methods
and Extended DataFig. 8a,b). Using scRNA-seq to study another donor
treated with 1 mM foscarnet (Supplementary Table 7), we replicated
the reduction of HHV-6" in the culture, observing that 63.6% of cells
were HHV-6"inthe control compared to 21.8% in the foscarnet-treated
cells. Notably, we observed minimal changes in cell states after the
treatment (Methods and Extended Data Fig. 8c-f). Although further
investigation is needed to determine optimal dosing, duration and
intervention for antiretroviral drugsin cell therapy product engineer-
ing, our results suggest a potential path to mitigating viral reactivation
in cell manufacturing.

Allogeneic CART cellsreactivate HHV-6

Although autologous CAR T cells are the most widely used, emerging
engineered cell therapy products, particularly hypoimmunogenic
allogeneic products, are being increasingly evaluatedin clinical trials™.
In these settings, patients may receive advanced lymphodepletion
regiments that could increase immunosuppression and the risk of
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corresponding to altered mental status. SEs, super-expressors. ***P=0.00047,
day7versusday 0; P=0.00032, day 7 versus day 14 (two-sided binomial tests).
e, Summary of theclinicalin vivo timecourse of patient SJCAR19-09, including
PCRof HHV-6 and T cell scRNA-seq abundance at the indicated time points.
Treatment regimen with foscarnetis noted with the initial dose administered
onday +24. CPM, counts per million. f, Schematic (left) of aninvitro reculture
experimentinwhich CART cells were recovered from the infusion product
from SJCAR19-09 and thenrecultured with TransAct, IL-7 and IL-15,and HHV-6B
RNA counts per million over five time points, measured by CAR T cell scRNA-seq
(right). HHV-6 was not detected (n.d.) at day O but was observed assoonas 3
days following reculture and persisted for the full 14 days of additional culture.

complications from HHV-6 reactivation. Thus, we sought to examine
the HHV-6 reactivation in the context of patients receiving allogeneic
CART cellsinvivo. We examined single-cell genomics datafromaphasel
clinical trial (NCT04538599) targeting CD7, an antigen expressed in
T acute lymphobilastic leukaemia®. To assess the potential for HHV-6
reactivation in this CD7 CAR T product, we reanalysed the scRNA-seq
data generated for one CAR T product and CAR T-enriched PBMCs
fromone patient (drawn at days 14 and 19), representing all genomics
data available in the study’ (Fig. 4a and Methods). Here we observed
HHV-6 transcripts in the infusion product and in PBMCs at both time
points and a marked increase in viral transcripts at day 19 versus 14
(Fig.4b). We attribute our detection of HHV-6 transcriptsinallogeneic
productsto their longer culture durations, compared with that of the
autologous products**°,

Next we sought to characterize the underlying cell states associated
with highHHV-6 levels and carried out genetic demultiplexing analyses
to annotate each cell as a host or allogeneic CART cell (Methods). Of
the 6,468 cells with ahigh-confidence donor assignment at the day-19
blood draw, we annotated 5,017 as donor-derived cells, which were
largely a homogeneous population of CD8" CAR T cells, and 1,401 as
host-derived cells across various haematopoietic lineages (Extended
DataFig.9). Betweenboth host endogenous and allogeneic CART cells,
we identified a total of 369 cells with detectable HHV-6 transcripts,
including 216 cells from the CAR T product (Fig. 4c,d). We observed a
rare population of host CD4" T cells that expressed hundreds of viral
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Table 1| Summary of HHV-6B expression in large-scale
single-cell datasets

Description No. of No. of reads No. of No.of HHV-6* Ref.
cells HHV-6B cells (No. of
UMIs HHV-6 super-
expressors)
24-patient 137,326 8,972,716,245 0 0(0) 42
CARTcell
pre-infusion
product
32-patient 602,577 15,403,016,654 919 7(4) 2
(CAR) T cell,
pre and
post infusion
16-patient 798,618 66,076,393,465 374 6(3) 3
(CAR) Tcell,
pre and post
infusion
1-patient 31,953 3,086,842,082 789 15 (6) This
(axi-R-15) study
pre-and
post-infusion
follow-up
Human cell 599,926 15,680,467,351 O 0(0) 43
landscape, 60
tissue types
About 1,000 1,449,385 53,872,337003 6 0(0) 44
donor PBMCs

UMIs, which collectively encompassed more super-expressors (n = 22;
max: 1,492 HHV-6 UMI counts per 10,000) than the allogeneic CAR
Tcells (n=2; max:1,136) but with similar magnitudes of HHV-6 expres-
sion. As there were no genetic differences between the host-derived
and allogeneic-derived HHV-6, consistent with the genetic stability
of HHV-6 (ref. 41), we could not discriminate between whether the
host-derived HHV-6 was attributable to an independent reactiva-
tion event in vivo (rather than infection from the CAR T product that
would be genetically identical; Methods). Ultimately, these data
suggest a model in which both host cells and cell therapy products
can amplify the overall lytic viral pool, with the relative timing, pro-
portions and duration of the reactivation likely to vary from patient
to patient.

Viralreactivationin other cell therapies

Beyond the associationbetween T cell cultures and HHV-6 reactivation,
latent viral reactivation may extend to other viruses or forms of cell
therapy. From our inferences from mining the Serratus database, we
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Fig.4|Allogeneic CART cells discriminate donor and host reactivation of
HHV-6Binvivo. a, Schematic of data generation for CD7 allogeneic CART cells,
including the infusion product and PBMCs derived at day 14 and 19 following
patientinfusion.b, Summary of HHV-6 pseudobulk expression across the
three samples from RD13-01-treated patient 5assayedin the study. ¢, Uniform
manifold approximation and projection (UMAP) of day-19 scRNA-seq data,

observed reactivation of herpes simplex virus 1 from reprogrammed
induced pluripotent stem cells (Supplementary Table 8) and EBV
expressionin T cells (Methods and Supplementary Table 4). We did not
detectreactivationof any virusesin naturalkiller cells or their products
(Methods). Ultimately, further mechanistic studies are required to
explicitly link the reactivation of other latent viruses to any other cell
therapy product. Although our existing screenidentified thousands of
high-confidence associations, future work that systematically accounts
for genetic variationin viruses will enhance the sensitivity to detect
viral reactivation using sequencing approaches.

Conclusion

Our work has implications for current preclinical and future applica-
tions of cell therapies. We observed HHV-6 reactivationin both native
and engineered T cell states as well as in FDA-approved CAR T cells
following their clinical delivery. These dataindicate that HHV-6 reac-
tivation in vitro occurs in a CAR-independent capacity and is linked
to T cell activation, proliferation and culture duration, perhaps giv-
ing the virus the ability to spread under more favourable conditions.
Further, we observedtheincrease of lytic HHV-6 over time bothinvitro
and invivo, indicating that screening cell therapy products for the
virus at a single time point (for example, pre-infusion product) may
not be fully adequate to identify virus-positive cells from the final
therapeutic product or its fate in vivo. Although we use single-cell
genomics to study HHV-6 reactivation in this work, we emphasize
that any clinical procedure could use PCR-based methods to test
products and patients. To our knowledge, no explicit recommenda-
tions are in place that require cell therapy products to be screened
for potential viruses before infusion. Ultimately, our results do not
warrant changes to patient monitoring or standards of care at pre-
sent, but we suggest that the possibility of latent viral reactivation
in cell therapies could be broadly considered in current and future
products. These include infusion products with high viral DNA levels
that could prompt post-infusion monitoring, including in individu-
als with chromosomally integrated HHV-6. More broadly, our efforts
demonstrate the utility of comprehensive genomics sequencing
and analyses in disentangling complex clinical phenotypes and ulti-
mately nominate an unappreciated route of viral infection through
cell therapy.
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Methods

Serratus viral screen analyses

To examine human viruses that may become transcriptionally acti-
vated in a systematic approach, we queried the Serratus® database
(v210225 nucleotide release containing 789,929 libraries; accessed
1August 2022). For 129 human viruses curated from ViralZone (accessed
1August 2022)7, we used the NC genome identification provided on
the ViralZone webpage asinput in the Serratus API. The values for the
hyperparameters in the call (scoreMin, scoreMax, identityMin and
identityMax) were selected for inclusiveness and were later filtered
programmatically. An example of the API call for the HHV-6B genome
(NC_000898.1) is as follows:

wget -0 NC_000898.1. txt “https://api.serratus.io/matches/nucle
otide?scoreMin=0&scoreMax=100&identityMin=75&identityMax=1
00&sequence=NC_000898.1".

To focus on viral reactivation, we selected 17 DNA viruses from the
Herpesviridae, Polyomaviridae, Adenoviridae and Parvoviridae fami-
lies. We categorized a sample as a potential hit (Fig. 1b) if the Serratus
outputreturned aminimum of 100 reads with an average mapped read
identity of at least 50% for the individual BioSample-virus pair. We
note thatif viral genomes or segments were not reported in the Viral-
Zone annotation, the potential viral tropism association would not be
detected. Asthe ViralZone genome annotation for HHV-6 corresponded
to HHV-6A (NC_001664), the most common strain in sub-Saharan
Africa®, we further queried the Serratus database for entries for
HHV-6B (NC_000898) for all subsequent analyses. This decision was
corroborated by a head-to-head comparison of all 16 T cell-derived
libraries that had high-confidence expression in either HHV-6A or
HHV-6B (Extended Data Fig. 3a). Additionally we note that the identi-
fication of viruses with many polymorphisms may not be as sensitively
detected in our current framework. Future work that enhances the
bioinformatics screen, including the automatic inclusion of different
strains and polymorphisms, will facilitate more robust detection of viral
reactivation in heterogeneous human tissues. Ultimately, for HHV-6,
we note that our inferences seem robust to viral nucleotide diversity
despite the widely used reference genome for HHV-6B being a relatively
uncommon sequence for the virus* (Extended Data Fig. 3d).

Next, to annotate BioSamples as belonging to specific cell types, we
used the NCI Thesaurus for T cells and induced pluripotent stem cells
(iPSCs) to define acomprehensive set of search terms for each cell type
(forexample, ‘TLymphocyte’ for T cells). Using the union of applicable
terms per cell type, we queried Sequence Read Archive and National
Center for Biotechnology Information BioSamples for matches to any of
the termsinthe ontogeny, yielding alist of BioSamples and/or sequenc-
inglibraries annotated with either of these cell types of interest. These
queries (date: 13 March 2023) yielded a total of 46,374 T cell libraries
and 31,433iPSClibraries presentin Serratus, which are specified as part
of our onlineresources (inthe 'Code Availability' section). These were
used as a high-confidence annotation of T cell and iPSC samples from
our screen to subset the Serratus library annotations. The full code
needed to reproduce the screen for additional viruses is available as
part of our online resources in the 'Code Availability' section.

Notably, we did observe expression of EBV from annotated T cell
populations (Fig. 1¢c), including intestinal intraepithelial cytotoxic CD8"
T cells®. As EBV infects cells through CD21, a canonical B cell marker,
we examined the expression of CD21across all resting and stimulated
immune cell subsets, revealing that y8 T cells can express CD21at higher
levels than any B cell subset (Extended Data Fig. 1b). This resultled us to
speculate that EBV reactivation may occurinyd T cells, but future work
isneededto corroborate these inferences. Of note, our screendid not
nominate areactivation candidate virusin naturalkiller cells. Regard-
less, we suggest that natural killer cell therapies may warrant further
investigation for potential viral latency, as longitudinal cultures were
more commonly profiled for T cells and iPSCs than for natural killer

cells. Overall, we also suggest that the systematic approach pairing
viral expression to specific BioSamples through Serratus could enable
the identification of cell types to become infected that have not been
previously characterized.

We note that the two primary studies that showed HHV-6 reactivation
inT cell culture™* took place on different continents, making it highly
unlikely that other factors enabled the reactivation of HHV-6 in their
cultures (for example, same donor) aside from T cell culture-induced
HHV-6 reactivation. For our deeper analyses of these datasets (Fig.1d,e),
we paired the Serratus read abundance with metadata from the Gene
Expression Omnibus (GEO), including the total number of reads per
library. After the experiments from these two manuscripts were iden-
tified using Serratus, we downloaded the raw.fastq files to directly
quantify the proportion of molecules that could be derived from
the virus as opposed to host transcripts. In the dataset of ref. 22, cells
were treated with an HIV infection. We reanalysed the expression from
these dataat the per-gene level, verifying that a diversity of transcripts
were expressed and that regions of high homology between HHV-6B
and HIV were not the only transcripts detected (also noting that not
allHIV-infected cells showed HHV-6B expression). Thus, the inference
of HHV-6B reactivation in this setting is not attributable to off-target
viral read mapping.

To study the impact of viral polymorphisms and to benchmark their
detection for deconvolving viral heterogeneity inallogeneic settings,
we used the two BioSamples with the most HHV-6 expressionin the stud-
ies of ref. 22 (donor 49, day 14) and ref. 18 (donor 5,131, day 14, memory
CD4") and mapped RNA-seq libraries to the HHV-6B reference genome
using bwa*®. To determine the per-position nucleicacid count, we used
bam-readcount (v1.0.1) on each.bam file from this mapping. We empiri-
cally called variants for which the reference position differed from the
most abundant nucleotide, and this alternative nucleotide was present
in at least 95% of molecules. Positions annotated as ‘well-covered’ in
the 5’ scRNA-seq dataset (Extended Data Fig. 3d, right diagram) were
determined with a coverage of at least X100 over the positions in the
day-19 CD7 allogeneic dataset (Fig. 4).

For assay for transposase-accessible chromatin with sequencing
and ChlIP-seq libraries, DNA was not processed through the Serratus
workflow, requiring realignment to the HHV-6B reference genome (for
example, Fig.1f,g). Thus, we downloaded raw.fastq files from GEO and
aligned reads to the HHV-6B reference genome (Genbank AF157706)
using bwa and retaining only uniquely mapped reads (MAPQ > 30) for
downstream analysis and quantification. To screen for reads outside
therepetitive regions (which have high homology with regions of the
human genome), we required the read to map within the (8788,153321)
coordinates.

Although we cannot exclude the possibility of contamination or
denovoinfections yielding the HHV-6B RNA detected in our reanalysis,
the recurrence of our observation indicates that reactivation is the
most plausible source of the viral transcripts. Further, many of the
samples analysed by the bulk RNA-seq and DNA-seq in this workflow
may contain low-frequency cells that would explain the viral reactiva-
tion. We thus emphasize theimportance of well-controlled experiments
to corroborate any computational inferences as we have done to link
HHV-6B reactivation to T cell cultures.

Primary human T cell cultures

Fortheresearch-grade allogeneic CART cultures, PBMCs wereisolated
from leukopaks obtained from healthy donors and stored in liquid
nitrogen before use. Donors were deidentified with Institutional Review
Board-approved consent forms and protocols, and as donors could
not be re-identified, they do not constitute human subjects research.
PBMC donor lots were screened at Allogene Therapeutics for HHV-6
DNA following CART cell culture conditions. PBMCs were thawed,
resuspended in X-vivo medium (Lonza) supplemented with 5% human
serum (Access Cell Culture) and IL-2 (Miltenyi), and stimulated with
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T Cell TransAct (Miltenyi). Cells were transduced with a lentivirus
containing proprietary CAR sequences early in culture followed by
further genetic manipulation for immune evasion and prevention of
graft rejection. Additional details regarding the engineering of these
cellsthrough Allogene’s allogeneic CAR T manufacturing are available
as previously described*®*. In line with the manufacturing details pre-
viously reported in preclinical reports, cells were activated at day +2,
transduced with the CAR at day +4, and further electroporated with
TALEN mRNA at day +6 before continued expansion for the duration
of the culture to day 19 (ref. 40). These T cell cultures were allowed to
expand for upto19 days and then cryopreserved using acontrolled rate
freezer before storage in liquid nitrogen. For selected donor PBMCs
(Fig. 2f), the 19-day cryovial was thawed, recultured and expanded up
to 7 additional days. Asubset of the lots screened wereincludedin the
manuscript (Fig. 2) to demonstrate a range of HHV-6B abundance. To
assess reactivation of HHV-6 in the SJ19-09 culture, 2 x 10 cells from
theinfusion product from donor SJ19-09 were thawed and seeded into
30-mlIXVIVO15-5% humanserum containing 10 ng mI?IL-7and IL-15and
activated with TransAct (Miltenyi). Additional cytokines were added at
day +10, and vials of cells were frozen at days +5, +7, +10 and +14 before
processing the cells with scRNA-seq.

To assess the impact of culture with foscarnet, day-19 cryovials of
theallogeneic CART cell products for donors 34 and 97 were cultured
in AIM-V medium for 5 additional days with10% FBS, 1% Pen-Strep and
10 ng mlI™ IL-2. Cells from donor 97 were divided into four subgroups,
for treatment with foscarnet, atafinal concentration of 1mM, 2.5 mMor
5mM, or control. These concentrations were motivated by previous
reports of adding foscarnet to other cell culture contexts®. RNA was
isolated with Trizol reagent (Ambion). RNA was reverse-transcribed
with a high-capacity cDNA reverse transcription kit (Applied Biosys-
tems) according to the manufacturer’s protocol. Transcript quantifica-
tionwas carried out by qPCR with reverse transcription using Tagman
Master Mix (Thermo Scientific). For a separate donor, we repeated
thel mM and control conditions and quantified viral RNA abundance
using scRNA-seq.

U31qPCR protocol

Primary human T cells were centrifuged at 540g for 5 min before
removal of culture supernatant, leaving the cell pellet for qPCR. Cells
were processed for DNA using the manufacturer’s protocol from the
QiagenDNeasy Blood & TissueKit. The concentration and 260/280-nm
ratio of the final product were measured using a NanoDrop spectro-
photometer (ThermoFisher).

For qPCR, the master mix used was TagMan Fast Virus 1-Step
Master Mix (ThermoFisher). The manufacturer’s protocol was fol-
lowed to add the appropriate volumes of master mix, water, DNA
and primers. All samples were prepared in triplicate and run on a
QuantStudio 6/7 Flex Real-Time PCR System (ThermoFisher). Primer
sequences for the designated HHV-6 marker (U3I) were designed on
the basis of previous reports*® and were modified as follows: forward
sequence: 5-CGACTCTCACCCTACTGAACGA-3’; reverse sequence:
5-GAGGCTGGCGTCGTAGTAGAA-3’; probe sequence: 5’-/5YakYel/AGCC
ACAGC/ZEN/AGCCATCTACATCTGTCAA/3IABKFQ/-3’. Measurements
were taken in triplicate and the mean value is shown for qPCR plots.
The same probes were used for both qPCR and qPCR with reverse
transcription experiments in this manuscript. Internal controls were
not included in these experiments as we normalize to total genomic
DNA input, micrograms per reaction, for each sample, and we report
the absolute quantification of HHV-6 based on previously published
methods*.

scRNA-seq

Libraries for scRNA-seq were generated using the 10x Chromium
Controller and the Chromium Single Cell 5’ Library Construction
Kit and human B cell and T cell V(D)J enrichment kit according to the

manufacturer’sinstructions. Briefly, the suspended cells were loaded
onaChromium controller Single-Cell Instrument to generate single-cell
gel bead-in-emulsions (GEMs) followed by reverse transcription and
sample indexing using a C1000 Touch thermal cycler with a 96-Deep
WellReaction Module (BioRad). After breaking the GEMs, the barcoded
cDNA was purified and amplified, followed by fragmenting, A-tailing
and ligation with adaptors. Finally, PCR amplification was carried out
to enable sample indexing and enrichment of scRNA-seq libraries.
For T cell receptor sequencing, target enrichment from cDNA was
conducted according to the manufacturer’s instructions. The final
libraries were quantified using a Qubit dsDNA HS Assay kit (Invitro-
gen) and a High Sensitivity DNA chip run on aBioanalyzer 2100 system
(Agilent). 10x scRNA-seq libraries were sequenced as recommended
by the manufacturer (about 20,000 reads per cell) using a Nova-seq
6000 with an S4 flow cell. Raw sequencing data were demultiplexed
using CellRanger mkfastq and aligned to the host reference genome
using CellRanger v6.0 and TCR sequences were processed using the
CellRanger vdj pipeline with default settings. Key summary metrics
associated withlibraries generatedin thiswork areincludedin Extended
DataFig.7.

10x Genomics Multiome

Single-cell Multiome libraries of healthy paediatric control PBMCs
were generated using the 10x Genomics Chromium Next GEM Single
Cell Multiome ATAC + Gene Expression reagent bundle (no. 100285)
and the Chromium controller according to the manufacturer’sinstruc-
tions (CGO00338-Rev E). Briefly, following the sorting of live cells,
1.5 mIDNA LoBind tubes (Eppendorf) were used towash cellsin PBS and
for downstream processing steps. After washing, cells were lysed for
3 mininlysis buffer (10 mM Tris-HCI pH 7.4,10 mM NaCl, 3 mM MgCl,,
0.1% Tween-20, 0.1% NP40, 0.01% digitonin, 1% BSA,1mMDTT,1U pl™
RNase inhibitor). Following lysis, cells were washed three times with
1 mlwash buffer (10 mM Tris-HCI pH 7.4,10 mM NaCl, 3 mM MgCl,, 1%
BSA, 0.1% Tween-20,1 mM DTT, 1U ul™ RNase inhibitor) before cen-
trifugation at 500g, for 5 min at 4 °C. The supernatant was discarded
and cells were diluted in 1x diluted nuclei buffer (10x Genomics) before
countingusing trypanblue and a Countess Il FL automated cell coun-
ter. If large cell clumps were observed, a 40-pum Flowmi cell strainer
was used before processing cells according to the Chromium Next
GEM Single Cell Multiome ATAC plus Gene Expression user guide with
no further modifications. Briefly, after transposition and chip load-
ing, the cells were loaded into the Chromium Controller instrument
to generate single-cell GEMs followed by incubation as described in
the protocol using a C1000 Touch thermal cycler with a 96-deep well
reaction module (BioRad). After breaking the GEMs, the barcoded
DNA was purified and further amplified before separate ATAC and
cDNA library construction. For the ATAC part, the purified DNA was
further amplified to enable sample indexing and enrichment of the
DNA. The cDNA was further amplified, purified and quantified using a
High Sensitivity DNA chip run on a Bioanalyzer 2100 system (Agilent).
The cDNA was subsequently fragmented, PCR-amplified and puri-
fied as depicted in the Chromium Next GEM Single Cell Multiome
ATAC plus Gene Expression user guide with no further modifications.
All final libraries were quantified using a Qubit dsDNA HS Assay kit
(Invitrogen) and a High Sensitivity DNA chip run on a Bioanalyzer
2100 system (Agilent).

Single-cell HHV-6B quantification workflow

To quantify HHV-6B reads, we sought to develop a workflow that: would
use pseudoalignment rather than standard transcriptomic alignment;
could be mappedto only the HHV-6B reference transcriptome (rather
thanamixed transcriptome); and had no detectable off-target expres-
sion (thatis, O reported HHV-6B expression for scRNA-seq samples from
human transcripts). Our rationale for these constraints was to opti-
mize computational efficiency to reprocess massive-scale scRNA-seq



libraries, noting billions of paired-end reads were processed in the
studies listed in Table 1.

To satisfy these computational constraints, we developed a
kallisto bustools***° workflow to rapidly quantify reads from either
single-cell transcriptomes or bulk transcriptomes. We downloaded
the GenBank AF157706 reference transcriptome and created akallisto
indexusing the default -k 31 (kmer) parameter. For single-cell libraries,
raw sequencing reads were processed using the kallisto bus command
with appropriate hyperparameters for each version of the single-cell
chemistry (either 14 or 16-base-pair sequence barcode and 10 or 12 bases
of UMIsequence). After barcode and UMI correction, aplain text sparse
matrix was emitted, corresponding to unique HHV-6B reads mapping to
individual cellsinthe single-cell sequencinglibrary. For bulklibraries, the
sameindex could be utilized with the standard kallisto quant execution.

To assess our specificity (that is, no human transcript expression
being reported as an HHV-6B transcript), we quantified four healthy
PBMC libraries that had no expected HHV-6B expression. We recurrently
observed nonzero expressionat only the AF157706.1_cds_AAD49614.1_1
and AF157706.1_cds_AAD49682.1 98 coding features, both genic tran-
scriptsthatencode for the DRI gene, which corresponded to AF157706
equivalence classes 6 and 120 in the kallisto index. By examining reads
that mapped to both HHV-6B transcriptome and the human genome,
we determined that a region of the DR1 gene is highly homologous to
the human gene KDM2A, which is broadly expressed across tissues,
includinglymphocytes, leading to about1-3 reads per million errantly
aligning to the HHV-6B transcriptome. By excluding these two equiva-
lence classes, we consistently observed exactly 0 HHV-6B UMIs across
libraries derived from PBMCs** and across 60 healthy tissue types from
various donors*. The number of UMIs per cell shown in Figs. 2 and 3
represents the sum of all other equivalence classes that match to the
viral transcriptome. Finally, verification of the in vitro expression of
the CAR transgene was confirmed through single-cell quantification of
the woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE) in all sequencing libraries and single cells.

Toassigna cellas asuper-expressor, we used a semi-arbitrary cutoff
of 10 HHV-6B UMIs per cell based on empirical expression (for example,
Fig. 2d) and the ease of use and interpretation of the number 10. We
note that one cell in the in vivo dataset expressed 8 UMIs (Fig. 3b), so
itisprobably a super-expressor but was under-sequenced on the basis
of the number of overall UMIs detected for this cell (Supplementary
Table 4). For visualization across the day-19 samples (Extended Data
Fig. 4a), we show both the rank-ordered expression per cell based on
total HHV-6B UMIs and a null model in which HHV-6B reads are allo-
cated proportionally to the number of total UMIs detected for that
particular cell barcode. For HHV-6B transcript heatmaps (Fig. 3c and
Extended DataFig.4b), we use the per-gene annotation froma previous
report®. For simplicity in viewing expression signatures, we collapsed
the ‘intermediate early early’ and ‘immediate early early’ into a single
gene set for visualization in these two heatmaps.

To quantify HHV-6B DNA copy number within single cells, we used
Chromap (v0.2.3) for fast single-cell processing®. Using the same Gen-
Bank ID for HHV-6B (AF157706), we established a Chromap index for
rapid alignment of the ATAC arm of the Multiome datasets generated
here. Briefly, the R2.fastq file was used to indicate the cell barcode
whereas R1and R3 were used for inference of viral-derived DNA as is
standard for the ATAC arm of the Multiome kit. To quantify per-cell
signatures of viral gene expression, we estimated a simple proportion
of UMIs of all viral genes based on four classes of viral gene annotation
previously described®. Cells were included for analysis of relative viral
signature (for example, Extended Data Fig. 5c,d) with at least 10 viral
RNA UMIs detected per cell.

Immunofluorescence staining
Cells were fixed with 4% paraformaldehyde and permeabilized using
0.5% saponin before incubating with antibodies to HHV-6 p41 (clone

3E3, HHV-6 Foundation) or gB (Clone H-AR-1, HHV-6 Foundation) at
1:1,000. Cells were then stained with goat anti-mouse IgG conjugated
with Alexa Fluor 488 (ThermoFisher Scientific; catalogue no. A-11001)
at1:1,000 and DAPI before imaging on an epifluorescence microscope
at x20 magnification.

Integrated viral-host gene expression analyses

Todetermine differentially expressed genes between HHV-6" cells and
HHV-6" cells from the day-19 time points, we considered donors 34
and 38, who had the highest number of HHV-6+ cells. We achieved this
using the ‘FindMarkers‘ function from Seurat after segregating HHV-6"
cells as those that have a minimum of 2 UMIs (to increase power) and
HHV-6" as those with identically 0 HHV-6 UMIs. From the FindMark-
ers output, we computed a statistic, —log;,[P value] x log,[FC], that
preserves the direction of overexpression or underexpression while
partially scaling the gene expression difference by the magnitude of
the statistical association, resultingin the plot show in Extended Data
Fig. 6¢c. Fromthis association, the lymphotoxingenes LTA and LTB were
distinguished as the consistent associations. As the homotrimer LTo,
is secreted but the heterotrimer (LTa,,) is membrane-bound®, this
suggests that changes in the LT expression following HHV-6 reactiva-
tionleadtoasecretedsignal through LTa,, but owing to the pleiotropic
effects of this cytokine trimer®?, the impact of its possible increased
secretion is not evident.

To comprehensively examine host gene association with HHV-6B
transcriptabundance, we also computed Pearson correlation statistics
per gene between the log-transformed total HHV-6B UMIs with the
Seurat-normalized host expression. We performed pathway analyses
using the correlation statistic to rank order genes linked to HHV-6B
activity. These analyses were carried out for all three recultured sam-
ples, whichwereselected as these were the only samples that had more
than 100 super-expressors. Using the permuted distribution of cor-
relations to establish a background distribution, we identified 6,722
(donor 34 day27),4,259 (donor 34 day 27) and 1,006 (donor 61day 27)
genes correlated with total HHV-6 RNA levels at a 1% false discovery
rate. After broadly verifying that the top genes were concordant
between these different donors and time points, we presented the
data for donor 34 at day 25 total of culture, as it was the earliest time
point. From the pathway analyses, we identified an enrichment of genes
downstream oftypelinterferonactivity asbeingmore expressedin cells
with low levels of HHV-6B, consistent with the antiviral properties of
this pathway®. By contrast, targets of the E2F transcription factor were
upregulated as the HHV-6B infection spread throughout the culture,
consistent with previous reports of E2F1-induced HHV-6A expression
in T cells®>. Furthermore, we observed anincrease in genes associated
with oxidative phosphorylation, a pathway previously reported to be
co-opted during active viral infection®. Overall, our results largely
recapitulate known proviral and antiviral responses, indicating that the
host transcriptome at the single-cell level permits or prevents HHV-6B
infection from spreading within the T cell culture. For the foscarnet
analyses, we used all barcodes passing the knee filter with at least 1,000
UMIsinour analysis to assess HHV-6 abundance. Dimensionality reduc-
tion, including principal component analysis and uniform manifold
approximation and projection, was carried out using default param-
eters. Genes with differential expression betweentreatment and control
were assessed for host genes using the FindMarkers function with a
more lenient log[FC] threshold (where 'FC' represents 'fold change’)
of 0.05toinclude more genes for analyses (n = 2,164 tested). No genes
that were differentially expressed required an abs(log,[FC]) > 1, sug-
gesting that the foscarnet treatment did not meaningfully alter the
transcriptomes of these cells.

Reanalysis of public single-cell data
The data presented in Table 1 represent a summation of four large
datasets reanalysed for HHV-6B expression. In brief, the number of
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cells and raw sequencing reads analysed are reported, alongside the
number of high-confidence HHV-6B UMIs from the quantification
pipeline. The number of HHV-6" cells are barcodes annotated as cells
before quality-controlfiltering in the original publication with at least
one HHV-6 UMI. We note that many super-expressors contain high
levels of mitochondrial and ribosomal transcripts, potentially owing to
these cells nearing apoptosis caused by viralinfection or reactivation.

For the dataset of about 1,000 PBMC donors*, we similarly down-
loaded fastq files from GEO and quantified, with the resulting libraries,
reads that pseudoaligned to the HHV-6B transcriptome. For either
dataset, we did not detect asingle HHV-6B read annotated by abarcode
thatwasacellin the processed metadatafor either study, although we
did observe 6 total HHV-6B reads from the PBMC cohort (all mapping
to different gel emulsion bead barcodes).

For the public CART cell datasets, all fastq files were either down-
loaded through the European Genome/Phenome Archive portal® or
reanalysed using a Terraworkspace*. Each dataset was processed with
the same HHV-6B kallisto bustools workflow. We observed no cells
annotated in the complete metadata in the pre-infusion-only study?,
resultinginan annotation of 0 HHV-6" cells from this dataset. Requiring
adonor to have at least 1,000 cells profiled at at least one time point,
we could consider HHV-6 reactivation in a total of 35 donors, four of
whom had detectable HHV-6 UMIs. For the 7-days post-infusion blood
drawin cohort2, we observed atotal of 26 unique 10x barcodes with at
least 1HHV-6B UMIwhereas only 7 of the 26 barcodes were annotated as
cells in the original study*. Although the high UMI abundance for the
donor axi-R-15 has noambiguous interpretation, we note that cells for
the other two donors (tisa-R-32 and axi-N-07) were pooled with cells
fromaxi-R-15and then were demultiplexed using genetic variants*2. As
aconsequence, we cannot exclude the possibility that the residual 1-2
UMIs detectedinthese three cells are from barcode contamination from
cells from the donor axi-R-15. Regardless, our characterization of the
axi-R-15 cells confirms the presence of HHV-6" cellsin an FDA-approved
CART cell product. For axi-R-15, we note that the participant was not
treated with steroids for ICANS and received one dose of dexametha-
sonefor cytokine release syndrome onday +7 before the onset of ICANS.
Although we detected HHV-6 from the CAR T cells, we note that it is
unlikely that the virus contributed to the development of ICANS in this
patient. For the SJCAR19 analyses, the same kallisto bustools pipeline
was run locally at St. Jude to infer HHV-6 expression in the SJCAR19
cohort (cohort 3). The full clinical timecourse of SJCAR19-09 has been
previously reported**** as well as the relevant clinical timecourses for
axi-R-15, tisa-R-32 and axi-N-07 (ref. 2).

To confirm that HHV-6" cells from the in vivo fusion product were
from CAR T cells, we assessed the presence of the CAR transgene
through RNA (kallisto pseudoalignment to the axicabtagene ciloleu-
cel transcript) as well as noted host gene expression values (Fig. 3 and
Supplementary Table 6). The CAR ‘FACS’ cell was from the 10x channel
thatenriched for CART cells through flow cytometry, but owingto the
mechanisms of the 10x Genomics library preparation protocol, the
specific protein abundance for this individual cell is not discernible.
The TCRa transcript number was the total number of UMIs aligning
per barcode in the TCR vdj libraries.

For the CD7 allogeneic CART cell data, we downloaded fastq files
from GEO under the accession provided in the manuscript®. Fastgs
were processed with CellRanger v6.0 to derive gene expression counts
matrices, and our kallisto|bustools pipeline was used to quantify gene
expression across the HHV-6 transcripts. To determine host or allo-
geneic CART cell annotations, we used souporcell* v2.0 for genetic
demultiplexing and annotated each donor after examining the cell
state embeddings using the gene expression features.

Expression of viral receptors across atlases
To evaluate other possible sources of HHV-6 reactivation and expres-
sion, we considered the landscape of cell types that express 0X40, the

canonical receptor of HHV-6B, and CR2 (CD21), the canonical recep-
tor of EBV. We downloaded processed count data and/or summary
plots from The Genotype-Tissue Expression portal®, a fetal develop-
mentatlas¥, profiles of sorted resting and stimulated immune cells*®,
and profiling of endothelial cell lines.

Analyses of these atlases revealed that 0X40 is expressed specifically
inactivated CD4"and CD8"T cells inthe immune systembut had detect-
able levels across all tissues (Extended Data Fig. 1). When examining
single-cell and single-nucleus expression across The Genotype-Tissue
Expression atlas, we unexpectedly observed consistent expression
in endothelial cells across various tissues, including in the pancreas
and brain. We further corroborated that 15 of the top 25 cell types or
tissues were endothelial. Although the overall expression of 0X40
seems to be 1-2 orders of magnitude higher in activated T cells, we
suggest that the application of our atlas-level analyses of the HHV-6B
viral receptor as a possibility indicates that endothelial cells may be
targets of active HHV-6B infection, either from the primary infection or
fromcelltherapy-mediated reactivation. Moreover, we speculate that
the expression of 0X40 by brain endothelial cells mediates a possible
mechanism underlying the encephalitis observed in severe infections
and reactivation.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw and processed sequencing data used in this study are available
at GEO (accession GSE210063). The HHV-6B reference genome and
transcriptome used in this work is available at Genbank (accession
AF157706).

Code availability

Code to reproduce all custom analyses in this manuscript is available
at https://github.com/caleblareau/hhvé6-reactivation and archived at
https://doi.org/10.5281/zenod0.8218129.
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Extended DataFig.1|Characterization of 0X40 and CD21 gene expression
inbulk sequencing experiments. (a) Expression of TNFRSF4(0X40), the
canonical receptor of HHV-6B, in unstimulated and stimulated immune cell
populations. OX40is not expressed in unstimulated immune cells but highly
expressedin CD4 and CD8T cells after activation/stimulation via anti-CD3/
anti-CD28 and IL-2. (b) Same as in (a) but for CD21, the canonical receptor for

EBV.Gamma-delta T cells are highlighted for their high baseline expression
ofthisreceptor. (c) Broad expression of OX40 across healthy tissues from the
GTExbulk atlas. Datais summarized over 948 donors across the tissues shown
fromthe GTEx v8release. Boxplots: center line, median; box limits, firstand
third quartiles; whiskers, 1.5x interquartile range.



GTEX single-cell atlas - Eraslan et al. 2022

* (Je|nasen) |180 [elj@ylopug

IV (oneydwi)) 1199 [e18YI0PUT

* (deINOSEA) 1|20 |BIIOYIOPUT
Iv (oneydwiaj) 1180 [eleylopu3

* (1BINOSEA) (189 [BII8Y10pUT

(onusedoifo ‘orIpied) 81K00A) @ @

(orIpIE0) OYf00ky @ @

(199 1) eunwwi e @

(1199 MN) eunww| @
(ebeydosoeuwyoq) sunww @ @

weiqoia @E)

* (1e[nosen) |80 [BllayIopug .@
* (oneydwA|) (199 [elleyopuz @ @

FTOIHLNSA 1437 - LUV3IH

onsresoned ® ()

(e1osnw yjoowss) a1k00Apy .@
(1190 jseWw) BuNWwW| ® @
(199 1) sunww| @

(1182 YN) eunwiwj
(ebeydosoewyDg) eunwiw|

1se|qoiqig

OOO00 | OOOOOOOOOOOO | OOOOOO

a)foodipy

SIHVINOSNW - SNOVHJOS3

1SBIq0IqUOAN

1189 snooniy

(119 1) sunww

(1182 MN) BunNww|

(ebeydoloewyOg) aunwiw|
(0@) sunwwy

18B1901q14

(jeseqeuidns) |189 [eljaynd3y
(snowenbs) |80 [elayndgy

(leseq) 192 [eljauyd3

VSOONN - SNOVHJOS3

OWs/aKkoLed
(ebeydosoewyOQ) aunwiw|

(reununy) (180 e1joLyds

neydwA)) 180 eyeyiopus
3NSSIL AHVWWVI - LSY3dE

Total cells
Cell fraction

umousun

1199 pue|b JeAOMS

apfoouelapy

(1182 1sewW) aunwiw)

(180 1) sunwiwy

(ebeydosoewyD@) sunwiw)

(erfoounelsy ainjew) |12 [elayudg

* (4eINOSEA) ||90 [BIeYI0pUT

(oneydwAy) 1120 [eII8YI0PUT

(931 43MO7) A3SOdX3 NNS - NS

(e1osnw yjoowss) a1ko0Apy

o0 | OOOOOBOOD

"o (1199 1sBW) BUNWIW|
(189 1) sunwiwy
(ebeydosorw;oq) sunwiw| @ @
. e oo @ C)
.t (feuwn) 1180 elieund3 .@

(qnp) 1199 feljeynds @ @

(leseq) (180 [eyound3 .@

* (4BIN2SEA) ||80 [BIBYI0pUT

O

D T

¢ Geenat .

O

‘ |v (oneydwaAy) 180 [elleyIO0pUT  ® @
. 31ViSodd
oo awieres o €)
e OWS/eMoued @ @
. (onuseydofo ‘sjosnuw s) 814004 © @
6 (ejosnuwi ¥s) mSoo>_>_8

» (199 1) sunww|
e e seoa @
. * (4eIN2SEA) |90 [BIIRYI0pUT @
. (oneydwiAy) (190 [elloYI0PUT @

. AVLITINS - 310SNW

OOOOOD | OOOD

OWs/eroued

()12 1sBW) aunwiw|

9 (ebeydosoew sejoane) sunww| @
(120 1) sunwwy @
(ebeydosoew/oq) sunww| @
. segoiq @
‘e (11 2dy sej0ane) 1180 e1EUNdT .
.ds " (1 odAy sej08AR) 1100 [B11BYNdT .@
aWeare 0t . * (1enosen) (190 [eyjeyopus @ @
e . . (oneydwaAy) 180 [elleylopu3 - @ @
I _ I I onm
< ® o -

(1 +X01 J4ed s1un0od O¥X0)6O]

. teemce
. LY .
¢ IO S
<. L
R R L R
. ..

LT P

% e e

(1 + X0} 4ed s3unod OXO)bo

°s cx o
o= ©
] SN °
o T =
2ce )
£8 5
S |285 o
. |-
« &
— ee °
©
e °
()
o °
S °
] o Mo}
» —
o °
=
< )
® °
S8
e °
c ° F2
©
E ¢ °
T 7z @
Loe
[22] =
SN
e [ Fo
S e
° Fe
T . T
wn o Lo
~ wn [aV)
NdL #4SHIANL
JInqopnasd

Rank ordered cell type (top 25 out of 172)

25donorsacrossthetissues shown fromthe GTEx v8 release Boxplots: center

line, median

ing

t

ioninres
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|Z| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Cellranger v6; Kallisto v0.46; bustools v 0.39.3; Seurat v4; Serratus v210225; ViralZone v220801; bam-readcount v1.0.1; bwav0.7.17;
chromap v0.2.3; souporcell v2.0

Data analysis Code to reproduce all custom analyses in this manuscript is available online at https://github.com/caleblareau/hhvé6-reactivation and archived
at DOI: 10.5281/zenodo0.8218129.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw and processed sequencing data used in this study is available at GEO Accession GSE210063. The HHV-6B reference genome and transcriptome used in this
work is available at Genbank at accession AF157706.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender This information has not been collected and sex/gender are not discussed in the manuscript.

Population characteristics See above.
Recruitment No donor or patient recruitment was undertaken.
Ethics oversight No explicit ethics oversight was performed for this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No explicit calculations were performed to pre-determine sample size. Figure 1, 3, and 4 reanalyze the full extent of public data available from
these prior studies. The number of cells profiled in Figure 2 were based on manufacturer recommendations (~10,000 cells / reaction) and the
number of donors selected was determined to replicate findings in any individual sample. The sample sizes are sufficient to demonstrate
reactivation as we do not make specific quantitative claims concerning the frequency of the occurrence.

Data exclusions  No data were explicitly excluded. The choice of four donors in Figure 2 were based on internal discussions from Allogene Therapeutics.

Replication Figure 1, 3, and 4 reanalyze public data and were not amendable to replication. Figure 2 had multiple donors that replicated the inference of
super expressor cells and lytic spreading of the viral infection in vitro.

Randomization  Randomization was not applicable as analyses were conducted using single-cell profiling that facilitated estimating variation within the sample
using single-cells. In other words, the null hypothesis was that no HHV-6 would be detected in any cells, and there was no intervention that

was being utilized, making randomization not applicable in our study.

Blinding Blinding was not applicable to our study. The primary analyses were to discover biosamples or cells that had HHV-6B expression. It was not
possible to a priori blind in this instance.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

XX XXX
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Dual use research of concern

Antibodies

Antibodies used Antibodies recognizing HHV-6 proteins p41 (clone 3E3) and gB (Clone H-AR-1) were procured from the HHV-6 foundation (https://
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Antibodies used hhv-6foundation.org/repository). Goat anti-Mouse IgG conjugated with Alexa Fluor 488 was purchased from ThermoFisher Scientific
(CAT #A-11001).

Validation Data in the manuscript shows only HHV-6 binding from antibodies in samples (i.e. day 19 CAR T cells) when corroborated by HHV-6
DNA and/or RNA abundance.
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