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Abstract

Background The immune response to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion in COVID-19 patients has been extensively investigated. However, much less is known about the long-term
effects of infection in patients and how it could affect the immune system and its capacity to respond to future
perturbations.

Methods Using a targeted single-cell multiomics approach, we have recently identified a prolonged anti-inflamma-
tory gene expression signature in T and NK cells in type 1 diabetes patients treated with low-dose IL-2. Here, we inves-
tigated the dynamics of this signature in three independent cohorts of COVID-19 patients: (i) the Oxford COVID-19
Multi-omics Blood Atlas (COMBAT) dataset, a cross-sectional cohort including 77 COVID-19 patients and ten healthy
donors; (i) the INCOV dataset, consisting of 525 samples taken from 209 COVID-19 patients during and after infection;
and (iii) a longitudinal dataset consisting of 269 whole-blood samples taken from 139 COVID-19 patients followed

for a period of up to 7 months after the onset of symptoms using a bulk transcriptomic approach.

Results We discovered that SARS-CoV-2 infection leads to a prolonged alteration of the gene expression profile

of circulating T, B and NK cells and monocytes. Some of the genes affected were the same as those present in the IL-
2-induced anti-inflammatory gene expression signature but were regulated in the opposite direction, implying

a pro-inflammatory status. The altered transcriptional profile was detected in COVID-19 patients for at least 2 months
after the onset of the disease symptoms but was not observed in response to influenza infection or sepsis. Gene net-
work analysis suggested a central role for the transcriptional factor NF-kB in the regulation of the observed transcrip-
tional alterations.

Conclusions SARS-CoV-2 infection causes a prolonged increase in the pro-inflammatory transcriptional status
that could predispose post-acute patients to the development of long-term health consequences, including autoim-
mune disease, reactivation of other viruses and disruption of the host immune system-microbiome ecosystem.
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Background

The recent COVID-19 pandemic has led to unprece-
dented collaborative efforts to elucidate the mechanisms
of the immune response to SARS-CoV-2 infection and
the development of clinical symptoms in COVID-19
patients. Although we now have a good understanding of
the initial phases of the disease, less is known about the
long-term effects of infection, associated with the devel-
opment of post-acute sequelae of COVID-19 (PASC) [1].
The persistence of elevated infection rates and the risk
of further outbreaks caused by novel variants make this
a critical healthcare concern, particularly considering the
increased risk of PASC posed by reinfection [2]. Over
time, the breadth of studies dedicated to understanding
COVID-19 have led to a rapid release of large publicly
available single-cell transcriptomics datasets profiling the
immune response to viral infection and disease outcome,
in both the acute and post-acute phases of the disease,
enabling detailed investigation of the long-term effects of
COVID-19.

Recently, we have employed targeted single-cell multi-
omics to characterise the immune response to low-dose
IL-2 immunotherapy in newly diagnosed type 1 diabetes
patients from the DILfrequency study [3]. We identified
a prolonged anti-inflammatory gene expression signa-
ture induced by low-dose IL-2 treatment (IL2-AIS) in
all the T and NK cell subsets studied [4]. The transcrip-
tional changes associated with the IL2-AIS detected in
samples taken 28 days after the last IL-2 injection were
not anticipated since Treg frequencies had returned to
baseline by this timepoint. The known functions of many
of the genes in the signature indicated a shift towards an
anti-inflammatory lymphoid environment, including the
upregulation of the negative regulator of cytokine signal-
ling CISH and the modulation of a suite of tumour necro-
sis factor (TNF)-inducible genes.

Previous reports have associated differential expres-
sion of several constituent genes of the IL2-AIS, includ-
ing CISH, AREG, DUSP2, NFKBIA and TNFAIP3, in
COVID-19 patients [5, 6]. Nevertheless, the exact scale
and dynamics of these changes remain unclear. Here,
based on published single-cell transcriptomic data from
two large COVID-19 cohorts, the Oxford COVID-19
Multi-omics Blood Atlas (COMBAT) [5] and the INCOV
[6] cohorts, we show that a core set of co-regulated genes
from the IL2-AIS is modulated in the opposite direc-
tion in blood T, B and NK cells as well as in monocytes
of COVID-19 patients. A third whole-blood transcrip-
tomic dataset from a longitudinal cohort of convalescent
COVID-19 patients [7] provides additional evidence sup-
porting the longevity of these transcriptional alterations
in blood. This pro-inflammatory signature is progres-
sively induced after the onset of clinical symptoms and is
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maintained for at least 2 months. Gene pathway analysis
suggests that the transcription factor NF-kB could have
a central role in the regulation of the observed transcrip-
tional alterations, suggesting the prolonged activation
of classical pro-inflammatory cytokine signalling path-
ways following viral infection. Our data shed new light
into the long-term effects of SARS-CoV-2 infection on
the immune system that could provide a mechanistic
link for the clinical sequelae that persist in a subset of
COVID-19 patients.

Methods

Single-cell RNA-seq datasets

The DILfrequency dataset [8] contains single-cell
sequencing data of 39 samples from 13 adult participants
receiving low-dose IL-2 immunotherapy. For each par-
ticipant, three longitudinal samples were taken on day
0 (before the first IL-2 injection), day 27 (before the last
IL-2 injection) and day 55 (4 weeks after the last IL-2
injection). Each sample contained five major cell types
— CDA4* regulatory T cells (Treg), CD4% conventional
T cells (Tconv), CD8" T cells, CD56™ " NK cells and
CD56%™ NK cells — isolated by fluorescence-activated
cell sorting (FACS) from peripheral blood mononu-
clear cells (PBMCs) and labelled with antibody-derived
tags. Only day 0 and day 55 samples were analysed in
the current study, with one sample (day 55 sample from
participant P8) excluded due to quality control reasons
previously described [4]. The DILfrequency dataset also
contained cells stimulated with phorbol myristate acetate
(PMA)/ionomycin, which were excluded from the cur-
rent study.

The COMBAT dataset [9] contains single-cell sequenc-
ing data from PBMC isolated from 64 hospitalised
COVID-19 patients, 13 non-hospitalised (community)
COVID-19 patients, 12 critically ill influenza patients
recruited from the intensive care unit (ICU), 23 hos-
pitalised patients with all-cause sepsis and ten healthy
control participants. PBMCs were classified into differ-
ent cell types based on their gene expression clusters,
protein markers and B- and T-cell receptor sequencing
data. Pseudo-bulk samples with less than 2000 total tran-
script counts or less than 500 IL2-AIS transcript counts
were excluded. This resulted in the exclusion of one criti-
cal COVID-19 patient and one community COVID-19
patient.

The INCOV dataset [10] contains single-cell sequenc-
ing data of 451 samples from 178 COVID-19 patients,
with up to three longitudinal samples taken from each
patient. Each sample contained PBMCs, with cell
type information annotated bioinformatically based
on clustering results. Twenty-four samples from ten
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immunocompromised or immunosuppressed patients
were excluded from the current study.

The baseline characteristics of the participants in each
study are summarised in Additional file 1: Table S1. The
total mRNA counts in each pseudo-bulk sample are sum-
marised in Additional file 2: Table S2.

Generation and normalisation of pseudo-bulk expression
data

Pseudo-bulk expression matrices were generated for each
dataset by aggregating mRNA counts from cells from
the same donor, time point (if applicable) and major cell
type. For the DILfrequency dataset, which was based on
a custom mRNA panel of 585 transcripts, pseudo-bulk
samples with less than 100 total mRNA counts were
removed. For the COMBAT and INCOV datasets, which
were based on whole-transcriptome sequencing, pseudo-
bulk samples with less than 2000 total mRNA counts
were removed. The pseudo-bulk expression matrices for
each dataset were normalised by dividing raw counts
with sample-specific scale factors calculated using the
median-of-ratios method previously described [11].

Differential expression analyses

Differential expression analyses were performed sepa-
rately for each dataset based on the pseudo-bulk expres-
sion matrix using DESeq2 [12]. For the DILfrequency
dataset, the likelihood ratio test was used, with a full
model including time points and the participants as inde-
pendent variables, and a reduced model including only
participants as the independent variable. For the COM-
BAT dataset, the Wald test was used, with patient groups
(COVID-19 or healthy control) as the independent vari-
able. For the INCOV dataset, considering the samples
were taken during a wide range of time post COVID-19
symptoms, for each participant, we assigned the earli-
est sample taken 0-14 days post COVID-19 symptoms
as the acute phase sample, and the earliest sample taken
29-84 days post COVID-19 symptoms as the post-acute
phase sample. Only participants that have both acute and
post-acute phase samples available were included in the
differential expression analysis. The cutoff time points
for acute and post-acute phase samples were selected
to maximise the number of available participants, while
minimising the heterogeneity within each group. The
likelihood ratio test was used, with a full model includ-
ing sampling time points (acute or post-acute phase) and
participants as independent variables, and a reduced
model including only participants as the independent
variable. For all datasets, the apeglm method [13] was
applied to shrink the resulting fold change values, and the
Benjamini—Hochberg FDR correction was applied after
pooling all resulting P values.
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Deriving the IL-2 induced anti-inflammatory signature
score

The Day 55 signature induced by low-dose IL-2 treatment
reported previously for the DILfrequency study [4] is
referred to here as “Anti-Inflammatory Signature induced
by IL-2 treatment (IL2-AIS)” For the DILfrequency data-
set, the IL2-AIS scores were calculated as previously
described based on the normalised pseudo-bulk expres-
sion levels of the 20 upregulated signature genes (CISH,
TNFSF14, OAS1, GIMAP7, GIMAPS, TNFSF10, TAGAP,
STAT1, MYC, FASLG, CX3CRI1, PTGDR2, CRTAM,
EOMES, IL32, CCRIO, CCRI, CXCRI, CD40LG and
ID3) and the 21 downregulated signature genes (AREG,
DUSPS5, TNFAIP3, RGS1, CXCR4, DUSP2, DUSP4,
DDIT4, NFKBIA, FOSL2, NFKBIZ, ZBTB16, SLC2A3,
BTG2, SOX4, OSM, SGK1, TGFBR3, OTUDI1, COLQ and
CCLS5). For the COMBAT and INCOV datasets, a similar
approach was applied to calculate the IL2-AIS scores for
each pseudo-bulk sample. Specifically, z-scores of nor-
malised expression levels of the 41 signature genes were
first calculated for each pseudo-bulk sample within each
major cell type. The IL2-AIS scores were then derived as
the sum of z-scores of upregulated signature genes, sub-
tracted by that of downregulated signature genes. As the
z-scores were calculated from samples within a dataset,
one important limitation of this definition was that com-
parisons of IL2-AIS scores were only allowed within the
same dataset, but not across different datasets.

Modelling the dynamics of the IL2-AlIS scores in the INCOV
cohort

For the INCOV cohort, where multiple longitudinal sam-
ples are available for most individuals, we modelled the
IL2-AIS scores using a Bayesian linear model to account
for the inter-individual variation:

Si+ ~ Normal (ui,,,o)

Wip = o + Bt

o; ~ Normal(0, 15) for i = 1..168
B: ~ Normal(0, 10) for t = 1..7

o ~ LogNormal(0, 5)

where S is the observed IL2-AIS scores, i is the index
of the individual and ¢ is the index of sampling time
represented as a categorical variable with seven levels:
0-7 days, 8—14 days, 15-28 days, 29—-60 days, 61-90 days,
91-150 days and>151 days. «; and f; represent the
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individual-specific effect and the effect of sampling time,
respectively. As the IL2-AIS score was formulated as
the sum of z-scores of the 41 IL2-AIS genes, E(S) = 0.
Therefore, an intercept term for w;; was not included.
We interpreted o; as the time-adjusted IL2-AIS score of
individual i and B; as the expected IL2-AIS score given
sampling time ¢. Regularising priors were used for «; and
B:. Posterior mean values and 95% confidence intervals of
parameters were estimated using a Markov Chain Monte
Carlo approach implemented in Turing.jl [14].

NanoString transcriptomic data analysis

The processed NanoString bulk transcriptomic data
for the Gedda et al. (2022) cohort [7] was accessed
from Gene Expression Omnibus [15, 16]. Among the
162 convalescent COVID-19 participants, 23 were
excluded due to the lack of a precise date of onset of
COVID-19 symptoms. All 40 healthy control partici-
pants were included. Among the 785 genes profiled
in the dataset using the NanoString nCounter Human
Host Response panel, 16 IL2-AIS genes were present,
including 12 upregulated genes (MYC, CXCR1, OAS1,
TNFSF10, FASLG, CCR10, STAT1, CX3CRI1, CD40LG,
I1L32, EOMES and CCRI) and four downregulated
genes (OSM, SLC2A3, CXCR4 and CCLS5). The IL2-
AIS* scores were defined for each sample as the sum of
z-scores of normalised transcription levels of upregu-
lated IL2-AIS genes, subtracted by that of downregu-
lated IL2-AIS genes.

STRING network analysis

From the 1419 constituent genes of COMBAT Com-
ponent 187, the top 50 genes with the highest loading
scores were selected for STRING protein interaction
network analysis [17]. Given the very strong correla-
tion between the relative contribution of the same core
set of genes to both the IL2-AIS and Component 187,
the selection of the top 50 genes of Component 187
not only facilitated the visualisation of the gene net-
work, but also allowed to focus on the main biologi-
cal pathways contributing specifically to the IL2-AIS
identified in this study. A gene network and pathway
analysis on the full 1419 constituent genes of Compo-
nent 187 is provided in the COMBAT study [5]. Physi-
cal and functional interactions identified from text
mining, experimental evidence, annotated databases
and co-expression were used. The minimum required
interaction score was set to 0.15. The resulting protein
interaction network can be accessed using the follow-
ing link: https://version-11-5.string-db.org/cgi/netwo
rk?networkld=bU311XEKAFvX.
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Results

COVID-19 patients display a pro-inflammatory gene
expression signature

Recently, we have characterised a prolonged transcrip-
tional signature in peripheral blood from type 1 diabetic
(T1D) patients treated with low-dose IL-2 (DILfrequency
cohort; Fig. 1A) [4]. The transcriptional alterations were
detected in all T and NK cell subsets analysed and dis-
played distinct anti-inflammatory characteristics, includ-
ing upregulation of the negative regulator of cytokine
signalling CISH. However, it is difficult to accurately
predict the inflammatory context underlying the co-
regulation of a large set of genes simply from assessing
the directionality of expression, as many genes can have
complex functions in vivo. Therefore, to extend the sup-
port for the physiological relevance and anti-inflamma-
tory nature of the identified IL2-AIS, we examined the
signature in a well-established inflammatory context in
COVID-19 patients, using the COMBAT and INCOV
datasets (Fig. 1A).

To investigate the specific regulation of the 41 identi-
fied IL2-AIS constituent genes in COVID-19 patients,
we initially compared COVID-19 patients with healthy
controls in the COMBAT cohort. We found that most
IL2-AIS genes were regulated in the opposite direction
in COVID-19 patients (Fig. 1B). For example, in contrast
to the transcriptional changes induced by low-dose IL-2
in T1D patients, we observed a downregulation of CISH
and an upregulation of AREG in COVID-19 patients dur-
ing acute infection, across multiple immune cell types.
This inverted expression of the IL2-AIS was specifically
observed in COVID-19 patients, but not in the con-
text of other severe pro-inflammatory conditions such
as in hospitalised influenza or sepsis patients (Fig. 1C).
Furthermore, we observed that the COVID-19-specific
IL2-AIS gene expression profile was observed across all
disease severity groups and was particularly pronounced
in a sub-group of community COVID-19 cases (Fig. 1C).
The community COVID-19 group consisted of a separate
cohort of otherwise healthy healthcare workers infected
by SARS-CoV-2, who had mild disease or no symptoms
and were not admitted to hospital. Compared to the hos-
pitalised COVID-19 patient groups, community COVID-
19 patients were sampled later (7 or more days after the
initial symptoms; average 13.8 days) upon returning to
work. Of note, cell composition analysis revealed that the
community COVID-19 patients were broadly compara-
ble to healthy donors [5], indicating that they represent a
very different patient group, sampled during the recovery
phase. The lower IL2-AIS score in this group of recov-
ered patients, but not between disease severity groups
in the hospitalised patients (Fig. 1C), indicates that the
induction of the IL2-AIS is not directly associated with
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the severity of the COVID-19 symptoms during the
acute phase of the disease and is therefore not merely the
reflection of an increased pro-inflammatory state dur-
ing the acute phase of the disease. Our findings suggest
that the lower expression of the IL2-AIS in community
COVID-19 patients likely reflects a more general altera-
tion of the transcriptional profile of cells after the onset
of acute symptoms.

In support of a progressive induction of these gene
expression changes following infection, we obtained con-
sistent evidence for the induction of the IL2-AIS genes
by comparing longitudinal samples in the INCOV data-
set that were taken in the post-acute phase of COVID-19
with those taken in the acute phase (Fig. 1B). Although
only some of the individual changes of each IL2-AIS gene
reached statistical significance, they were consistently
observed across all analysed immune cell types includ-
ing T, B and NK cells and in monocytes (Additional file 3:
Fig. S1).

Pro-inflammatory gene expression profile is sustained

in COVID-19 patients

Analysis of the dynamics of the transcriptional changes
following SARS-CoV-2 infection in both COVID-19
cohorts revealed a progressive modulation of the IL2-
AIS genes. These data are consistent with the establish-
ment of a pro-inflammatory environment in COVID-19
patients, reflected in the reduction of the IL2-AIS score
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(Fig. 2 and Additional file 3: Fig S2). The induction of
these transcriptional alterations was particularly pro-
nounced for the first 1-2 weeks after the onset of symp-
toms and is consistent with the lower IL2-AIS score
observed among community COVID-19 patients sam-
pled later, during the recovery phase. However, we
remark that even when accounting for the later sampling
time, community COVID-19 patients still displayed a
slightly lower IL2-AIS score (Fig. 2A), which may indicate
unknown cohort-specific confounding factors contrib-
uting to these differences. An alternative explanation is
that the increased induction of this set of genes in com-
munity COVID-19 patients reflects a resolved immune
response to the viral infection in this group of otherwise
healthy patients with mild or asymptomatic disease.
The sustained increased expression of these genes could
therefore reflect a period of heightened inflammatory
responsiveness to further viral infection, which would be
more pronounced in healthy individuals after viral clear-
ance and very distinct from the transcriptional signatures
associated with the exacerbated anti-viral inflammatory
responses observed in hospitalised patients during the
acute phase of the disease.

Based on available cell-type annotation data, we also
investigated the dynamics of the IL2-AlIS in specific cell
subsets, which confirmed that almost all evaluated cell
subsets displayed IL2-AIS score changes (Additional
file 3: Fig. S3) similar to that observed for the aggregated

INCOV cohort (CD8* T cells)
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Fig. 2 The IL.-2-induced anti-inflammatory gene expression signature (IL2-AIS) score is progressively decreased after SARS-CoV-2 infection. A,

B Decrease of IL2-AlS scores after the onset of symptoms in COVID-19 patients from the COMBAT cohort (A) or INCOV (B) cohorts. Each dot
represents a clinical sample, and colours depict the different COVID-19 disease severity groups. In the INCOV cohort, patients are grouped by their
worst recorded COVID-19 severity. The IL2-AlIS score was calculated in T cells and CD8* T cells in the COMBAT and INCOV cohorts, respectively. The
variation in the IL2-AlS score from additional cell types are shown in Additional file 3: Fig. S2. IL2-AlS, anti-inflammatory gene expression signature
induced by low-dose IL-2 immunotherapy. Dashed black lines represent locally weighted scatterplot smoothing (LOWESS) curves
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cell types (Fig. 2 and Additional file 3: Fig. S2). This sug-
gested that the IL2-AIS changes reflected differential
expression within each cell subset, rather than relative
compositional changes among different subsets.

In the INCOV cohort, follow-up samples taken sev-
eral months after the initial symptoms showed that the
alteration of the immune transcriptional landscape was
maintained for approximately 3 to 4 months after the
onset of symptoms (Fig. 2B). The dynamics of the tran-
scriptional changes were largely consistent in all immune
populations assessed in both COVID-19 cohorts, while
the magnitude was largest in T and NK cells and small-
est in B cells (Additional file 3: Fig. S2). Considering that
most participants in the INCOV cohort were sampled
multiple times after symptom onset, we modelled the
participant-specific effects and time-specific effects to
the IL2-AIS scores in the INCOV cohort (see Methods),
which confirmed the progressive decline during the first
90 days post-infection in CD4" T, CD8* T and NK cells,
followed by a slow recovery (Additional file 3: Fig. S4). In
monocytes and B cells, this pattern was less clear, though
a general trend of decline was evident (Additional file 3:
Fig. S4).

The longevity of the transcriptional changes and the
specificity towards COVID-19 infection highlights the
potential impairment of the immune response in post-
acute COVID-19 patients, which could underpin the
manifestation of PASC. In agreement with this hypoth-
esis, we found that severe and critical COVID-19 patients
in the INCOV cohort who reported one or more PASC
symptoms had lower time-adjusted IL2-AIS scores com-
pared to those reporting no PASC symptoms (Additional
file 3: Fig. S3), which is consistent with more pronounced
inflammatory responses in patients suffering from PASC.
However, although this difference was consistently
observed in all analysed immune subsets, the effect size
was small and statistical significance was not reached in
all cell types (Additional file 3: Fig. S3), likely due to the
heterogeneity of PASC symptoms [6]. Further dissecting
the PASC symptoms into specific categories, we found
that the IL2-AIS scores appeared to be most strongly cor-
related with viral respiratory and neurological symptoms,
though none of the specific analyses reached statistical
significance after correcting for multiple comparisons
(Additional file 3: Fig. S5). In all three datasets analysed,
we found that the IL2-AIS score was not correlated with
age or sex (Additional file 3: Fig. S6), although both fac-
tors were found to be associated with COVID-19 severity
and PASC symptoms [18, 19].

To obtain further evidence of these transcriptional
changes, we assessed data from a recent study published
by Gedda et al. [7], using the NanoString nCounter plat-
form to profile the transcriptional landscape of red blood
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cell-depleted whole blood samples taken from 162 con-
valescent COVID-19 patients and 40 healthy controls
(Additional file 3: Fig. S7A). The NanoString nCounter
Human Host Response panel used in this study included
16 of the 41 IL2-AIS genes, allowing us to derive a signa-
ture score (IL2-AIS* score) representing a subset of the
original IL2-AIS. Consistent with our previous observa-
tions, the IL2-AIS* score showed a progressive decrease
during the first 2 months after infection, followed by a
gradual recovery towards the baseline level measured in
healthy control participants (Additional file 3: Fig. S7B).
Despite the limited overlap between the IL2-AIS genes
and the NanoString transcriptional panel, as well as dif-
ferences in cell types, the consistency observed in the
Gedda et al. cohort provides additional validation of the
longevity of the transcriptional alterations induced by
SARS-CoV-2 infection.

Transcriptional alterations in COVID-19 patients are
associated with the transcription factor NF-kB

As the IL2-AIS was initially identified in the DILfre-
quency study using a targeted panel of 565 transcripts
designed for profiling T and NK cells [4], we sought to
understand the observed changes in the broader tran-
scriptional landscape of immune cells in COVID-19
patients. In the COMBAT study, the authors employed a
multi-parametric tensor decomposition analysis combin-
ing gene expression, surface protein expression (CITE-
seq), plasma proteomics and cell subset abundance (flow
cytometry) data, to identify 130 COVID-19-associated
gene expression components categorised into 14 clus-
ters, with each component containing a large num-
ber of weighted genes likely differentially expressed in
COVID-19 patients [5]. We analysed whether IL2-AIS
genes, compared to other genes assayed in the DILfre-
quency study, were enriched in specific components.
We found three similar components in Cluster 3 (Com-
ponent 211, Component 187 and Component 178), each
showing strong enrichment of the 41 IL2-AIS genes
(odds ratio>8; Fig. 3A). From these three components
in Cluster 3, Component 187 was highlighted by the
authors as the most significant COVID-19-specific sig-
nature out of all the identified signatures (FDR-adjusted
P=6.74x10""%) [5]. Furthermore, we found that among
the signatures associated with COVID-19 disease sever-
ity, Component 187 was unique in the longevity of the
signature (Additional file 3: Fig. S8). In contrast to Com-
ponent 187, the other COVID-19-associated Compo-
nents were more strongly modulated immediately after
the onset of symptoms, indicating virus-induced altera-
tions in cell composition and activation state during the
acute phase of the disease — as illustrated for example by
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the classical monocyte-derived type 1 interferon (IFN)  upregulated in IL2-AIS had negative loading scores in
signature (Component 235; Additional file 3: Fig. S8). Component 187 and vice versa (Fig. 3B), indicating a

Of the 1419 genes contributing to Component 187, strong inverse correlation between the differential gene
77 were present in the transcriptional panel used in the expression induced by IL-2 treatment in T1D patients
DILfrequency study. We found that virtually all genes and the response to infection in COVID-19 patients.
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Correspondingly, we observed a strong negative cor-
relation between the mean Component 187 sample
loading score and the mean IL2-AIS score among COM-
BAT participants (Fig. 3C), indicating that Component
187 and the IL2-AIS likely shared common underlying
mechanisms.

Given the strong correlation between these two tran-
scriptional signatures, we next performed a network
analysis on the top 50 genes of Component 187 to gain
some insight into the putative biological mechanism
underpinning the identified IL2-AIS. This analysis sug-
gested a central role of the transcription factor NF-kB
on the regulation of this transcriptional programme, as
evidenced by a number of target genes previously shown
to be modulated by NF-kB in SARS-CoV-2-infected
CD8* T cells, including NFKBIA, NFKBIZ, TNFAIP3 and
CXCR4 (Fig. 3D) [20]. We observed a markedly reversed
regulation of the core genes of this NF-kB-regulated tran-
scriptional network in the context of COVID-19 versus
low-dose IL-2 treatment in T1D (Fig. 3D). Furthermore,
we also observed a significant enrichment of known
NEF-kB target genes (https://www.bu.edu/nf-kb/gene-
resources/target-genes/) within the top 50 genes of Com-
ponent 187, including RELB, NR4A2, DUSP1, CD69 and
the AP-1 transcription factor complex genes (FOS, FOSB,
JUN, JUNB and JUND). However, we note that these
core NF-kB target genes, including the AP-1 genes, were
not identified in the IL2-AIS (Fig. 3D), suggesting that
they were not significantly modulated by low-dose IL-2
therapy and are specifically modulated by SARS-CoV-2
infection. Notably, all identified NK-kB target genes show
positive Component 187 loading scores (Fig. 3D), sug-
gesting that increased expression of early response fac-
tors such as NF-kB and the transcription factor complex
AP-1 is involved in sustaining the pro-inflammatory gene
expression profile in circulating immune cells during the
post-acute phase of COVID-19.

Discussion

The unprecedented breath of high-dimensional datasets
generated in cohorts of COVID-19 patients has provided
a unique resource to investigate the transcriptional pro-
file of immune cell populations in response to infection.
In the present study, we show that SARS-CoV-2 infec-
tion leads to a long-lived alteration of the transcriptional
landscape of immune cells in blood for over 2 months
after the onset of the clinical symptoms. We show that a
core set of co-regulated immune response genes display
a pronounced and specific inverted expression profile
from original discovery in an anti-inflammatory context
(T1D patients treated with low-dose IL-2) compared to
COVID-19 patients.
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A key finding was the observation that the transcrip-
tional changes in COVID-19 patients were associated
with the activation of the NF-kB signalling pathway,
which is consistent with its previously identified role
in severe COVID-19 patients [21]. This was supported
by the upregulation of the NF-kB inhibitor genes NFK-
BIA and NFKBIZ, the AP-1 transcription factor complex
genes FOS, JUN, FOSB and JUNB as well as other NF-kB
target genes such as TNFAIP3, RELB, NR4A2, DUSPI
and CD69 in response to infection. In agreement with
this hypothesis, a recent study identified a specific tran-
scriptional profile in COVID-19 patients that was con-
sistent with NF-kB-driven inflammation in these patients,
which was not observed in patients infected with influ-
enza [22]. In contrast, the influenza patients displayed a
much stronger type I interferon (IFN) response, leading
to the upregulation of the canonical IFN transcriptional
signature [22]. Furthermore, in a ciliated cell line model,
a very similar NF-kB-driven transcriptional signature
(including NFKBIA, FOS and JUN) has been shown to
be specifically induced in SARS-CoV-2-infected cells
immediately (<3 h) post-infection [23]. Notably, this
gene signature was not observed in either uninfected or
bystander cells, indicating a very specific upregulation of
the NF-kB signalling pathway in SARS-CoV-2 infected
cells. Further supporting this hypothesis, the upregula-
tion of an NF-kB signature, including TNFAIP3, NFKBIA
and FOS, was also induced in an epithelial cell line model
8 h after infection with SARS-CoV-2 [24].

Currently, the exact mechanism underlying the
observed transcriptional changes is unknown. It is well
established that during the acute phase of the disease,
some COVID-19 patients display higher levels of several
classical pro-inflammatory cytokines, including IL-6,
IFNa and TNF [5, 25]. It is plausible that the establish-
ment of a pro-inflammatory environment associated with
the disease symptoms can have a more prolonged effect
on the immune transcriptional profile. However, the
signalling pathways associated with these classical pro-
inflammatory cytokines are complex, and there are often
synergistic effects between them; particularly in a sce-
nario such as COVID-19, where many of these signalling
factors are present. Nevertheless, we provide evidence for
a prolonged alteration of a systematic set of co-regulated
genes that can be detected months after the resolution of
acute symptoms. The long-term alteration of the immune
system during the post-acute phase of the disease is usu-
ally asymptomatic, but it could affect the likelihood of
PASC development, a possibility that needs further study.
Recently, there has been considerable interest in under-
standing better this critical phase of the disease given the
rising number of patients presenting with PASCs, and
similar long-term effects of infection have been recently
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reported in the context of the response to further pro-
inflammatory insults, such as influenza infection [26].
Our study supports the hypothesis that the transcription
factor NF-kB plays a critical role in the establishment and
maintenance of the observed transcriptional alteration.
Notably, it is known that NF-kB signalling is involved
in several of the classical pro-inflammatory signalling
cytokine pathways. Further work is therefore warranted
to better understand the exact mechanism and combina-
tion of factors that contribute to the prolonged activation
of the NF-kB signalling pathway observed in this study.

The longevity of the transcriptional alterations induced
by SARS-CoV-2 infection suggests that the inflamma-
tory environment is more prolonged than the period
of increased levels of pro-inflammatory cytokines in
plasma, associated with the symptomatic phase of the
disease. One hypothesis is that the cytokines produced
during the acute phase of the disease have a longer
period of biological activity in tissues. This could be
caused by the maintenance of higher local concentra-
tions of cytokines in the site of infection and associated
immune tissues through the binding of cytokines to the
extracellular matrix. Several pro-inflammatory cytokines,
most notably TNF, have been previously shown to bind
to the extracellular matrix [27-29], which could promote
a much longer period of biological activity in tissues,
thereby inducing the transcriptional signature detected
in this study. A long-lasting immune alteration that also
possibly reflects a continuing inflammatory stimulus or
long-lived pro-inflammatory cytokines on the extracellu-
lar matrix has been reported in mild COVID-19 patients,
with infection inducing a pro-inflammatory response in
monocyte-derived macrophages that continues to be
detected 3-5 months following SARS-CoV-2 infection
[30]. In a separate study, pro-inflammatory markers such
as IL-8 and sTIM-3 were still elevated 4 months after the
cessation of COVID-19 symptoms in patients having
had mild or moderate disease, but the increases resolved
8 months post-infection, except in patients with long
COVID [31]. These results support the establishment
of a prolonged pro-inflammatory environment follow-
ing SARS-CoV-2 infection. Given the extended period
in which these alterations can be detected, it will be
particularly important to measure the cumulative effect
of multiple infections on the induction of this signature
to investigate whether this could represent a pathogenic
mechanism underlying the increased risk of mortality
and burden of post-acute sequelae recently observed in
patients re-infected with SARS-CoV-2 [2].

A corollary of our results is that low-dose IL-2 immu-
notherapy could have a therapeutic application to revert
this prolonged period of immune dysfunction in recov-
ered COVID-19 patients and reduce the occurrence of
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PASC. IL-2 has been shown to bind to the extracellular
matrix [27], potentially promoting prolonged increased
Treg fitness and causing the systemic decreased produc-
tion/accumulation of pro-inflammatory cytokines in tis-
sues, attributes that could have clinical applications. This
putative preventative application of low-dose IL-2 is fur-
ther supported by the strong safety record in patients —
including children — undergoing long-term treatment
[32]. Moreover, low-dose IL-2 treatment in SLE patients
has been previously shown to lead to a threefold reduc-
tion in the incidence of both viral and bacterial infection
[33], potentially reflecting the prolonged heightened anti-
inflammatory state in these patients. However, a limita-
tion of our study is that the observed transcriptional
signatures were identified in patients with two very dis-
tinct pathophysiological manifestations (T1D and acute
phase COVID-19). Therefore, we cannot be certain that
the transcriptional alterations induced by low-dose IL-2
would be consistent in both settings. To mitigate the
potential variability introduced by chronic immune acti-
vation in COVID-19 patients, it is critical to consider that
the putative administration of low-dose IL-2 in COVID-
19 patients should be restricted to the convalescent phase
of the disease, long after the acute inflammation has
been resolved, to avoid unwanted hyperactivation of the
immune response during the acute phase of the disease.
To date, there have been very few pilot studies investi-
gating the use of low-dose IL-2 in COVID-19 patients,
and these have been limited to the treatment of patients
with acute disease, which may explain the reported lack
of clear therapeutic benefit for these patients [34, 35].
Further work will therefore be necessary to support the
potential clinical application of low-dose IL-2 in conva-
lescent COVID-19 patients, including the retrospective
analysis of the incidence of PASC in cohorts of patients
treated with low-dose IL-2.

Conclusions

Taken together, our findings shed new light into the
convalescence period in COVID-19 patients and reveal
long-lasting alterations to the transcriptional landscape
of circulating immune cells that are consistent with a
heightened pro-inflammatory state. The reversed pat-
tern of gene expression compared to that induced by
treatment with low-dose IL-2 immunotherapy in T1D
[4] suggests that interval dosing of low-dose IL-2 for a
month promotes a prolonged regulatory environment,
which could potentially hasten the restoration of normal
immune homeostasis in recovered COVID-19 patients.
These results indicate the need to further investigate the
mechanistic alterations induced by SARS-CoV-2 infec-
tion to better understand how to reduce the occurrence
of long COVID-19 complications.
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Abbreviations

COMBAT Oxford COVID-19 Multi-omics Blood Atlas

COVID-19 Coronavirus disease 2019

FACS Fluorescence-activated cell sorting

FDR False discovery rate

ICU Intensive care unit

IFN Type | interferon

IL Interleukin

IL2-AlS Anti-inflammatory  signature induced by low-dose IL-2
treatment

NK Natural killer

PASC Post-acute sequelae of COVID-19

PBMC Peripheral blood mononuclear cell

PMA Phorbol myristate acetate

RNA-seq RNA-sequencing

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2

T1D Type 1 diabetes

Tconv CD4* conventional T cell

TNF Tumour necrosis factor

Treg CD4t regulatory T cell
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