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Identifying host factors that mediate protection against newly-emergent
viruses is needed for improved pandemic preparedness. Here, we analysed
pre- and early post-exposure immune factors associated with resisting SARS-
CoV-2 infection after human challenge in seronegative individuals, using
multiplex protein, cytometric and RNA sequencing approaches in the naso-
pharynx and circulation. Pre-existing cross-reactive antibodies correlate
poorly with clinical outcome. Instead, protection is associated with heightened
nasopharyngeal CCL13 levels locally produced by conventional dendritic cells
and monocytes, along with cross-reactive T cells and less differentiated NK
cells. Conditional independence network analysis implicates nasal CCL13 as
the central node connected to pre-existing non-structural protein-specific

T cells by CD1c* DCs. In those who became infected, baseline cross-reactive T
cell and less differentiated NK cell frequencies also correlate with shorter
infection duration. Thus, pre-existing mucosal chemokine levels may promote
rapid innate and innate-like responses that effectively block infection. Clin-
icalTrials.gov identifier NCT04865237.

During the early months of the COVID-19 pandemic, anecdotal reports
suggested that a proportion of individuals could have resisted primary
infection following known exposure despite the absence of pre-
existing strain-specific immunity. While most of the world’s population
have since been infected by SARS-CoV-2, especially as new variants
have appeared, it remains likely that individual host-related variations
in susceptibility against emergent viruses exist and that some people

may be more resistant to infection than others at the time of first virus
encounter.

In field studies, it is almost impossible to study resistors due to
limitations in case detection and differences in viral, environmental
and behavioural factors that cannot be adequately measured or con-
trolled for. In contrast, the controlled nature of human challenge
studies enables more robust investigation of protective immunity
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against infectious diseases, as well as informing next generation vac-
cine and therapeutic development'. Deliberate inoculation of a well-
defined virus to a screened population of participants results in a
variety of infection outcomes unconfounded by inoculum dose, strain
or differences in exposure, thus allowing predisposing immune factors
associated with protection to be defined.

The SARS-CoV-2 human challenge study that we conducted in
2021-2022 demonstrated the safety and tolerability of such studies in
healthy young volunteers’. 53% of inoculated seronegative participants
became infected, while 47% resisted sustained infection but never-
theless showed evidence of local antiviral responses. Single cell tran-
scriptomic analysis revealed innate and adaptive immune cell
infiltration in the nasopharynx, early after inoculation in those who
resisted sustained infection®. Transient infections (single non-
consecutive PCR detections) resulted in an increased abundance of
DCs, monocytes, macrophages, MAIT cells, T cells and NK cells in the
nasopharynx at day 1 post-inoculation with few changes in the blood
(PBMC) compartment. In contrast, the response of participants with
abortive infections (PCR negative throughout) was limited to early
increases in T cell abundance and activated conventional dendritic
cells (cDC) only in the nasopharynx and activated MAIT cells in the
blood®. Thus, mucosal immune responses during the pre-symptomatic
period were associated with functionally complete protection. How-
ever, what pre-existing immune factors might underlie or contribute to
this protective response remained unclear.

While responses during primary COVID-19 have been studied
extensively, protective immune factors at the time of virus encounter
are less well understood and almost impossible to accurately define
during natural infection. Pre-existing cross-reactive antibodies
induced by previous seasonal coronavirus infections may confer pro-
tection if present at sufficiently high levels but the literature is incon-
clusive about their importance*. T cells may play a role in
asymptomatic infection or as early controllers of COVID-19, potentially
terminating infection prior to development of antibodies or qPCR
positivity*”. This was suggested by studies showing that pre-existing
non-structural protein (NSP)-specific T cell populations against the
replication transcription complex (RTC) were expanded in highly
exposed but uninfected healthcare workers, implicating cross-reactive
T cells in protection against infection with SARS-CoV-28. In individuals
with no prior specific immunity, variations in innate immune function
are likely to play a particularly important role in protection against
infection. These variations may be due to previous pathogen exposure,
for example, trained immunity or human cytomegalovirus (HCMV)
driving differentiation of NK cells, or other environmental or genetic
factors, but in humans these are relatively poorly understood.

Our previous analyses of the mucosal and systemic immune
responses important for viral control showed not only the association
between early mucosal responses and immediate clearance of infec-
tion, but also that CD8" T cell activation and production of mucosal
antibodies strongly correlated with the speed of later viral load
decline’. Now, by performing detailed and comprehensive measures of
pre-existing immunity followed by multi-variate and network analysis,
we identify key innate and adaptive factors pre-exposure that predict
functionally complete protection in seronegative adults with implica-
tions for future pandemic preparedness.

Results

Divergent outcomes in seronegative adults inoculated with
SARS-CoV-2

Thirty-four seronegative healthy volunteers aged 18-29 were inocu-
lated with 10 TCIDsy of SARS-CoV-2/human/GBR/484861/2020 (a
D614G-containing pre-Alpha wild-type virus) on day 0. Nasal swabs and
PBMC collected at day -1/-2/0 (baseline), day 1, 3, 5, 7, 10, 14 and 28
post-inoculation and plasma samples collected daily were used to
assess the pre-exposure and early immune factors associated with

outcome (Fig. 1a). As described previously?, 18 participants developed
PCR+ and culture-confirmed infection as per the protocol definition of
infection (at least 2 quantifiable qPCR detections on consecutive
swabs), constituting the infected group. The remaining 16 did not meet
the criteria for infection and were therefore grouped as the uninfected
group (Fig. 1b).

Five of these uninfected participants, however, developed
sporadic (single, non-consecutive) low-level qPCR detections (above
the the lower limit of quantification (LLOQ), 3 log;o copies per ml)
between 1.5- and 8.5-days post-inoculation in either the nose or the
throat and were sub-grouped as transiently infected (Fig. 1b and Sup-
plementary Fig. 1a). The remaining 11 uninfected participants had no
PCR detections above LLOQ (positive detections less than the LLOQ
were assigned a value of 1.5 log;o copies per ml) and were sub-grouped
as abortive infections due to evidence of local immune responses
implying at least viral cellular entry’. The criteria for classification of
transient and abortive infection were described previously’.

Neither transient nor abortive groups met the protocol-defined
criteria for sustained infection and re-analysis of previously-
presented data*’ showed that transient infections, similar to the
abortive infections, resulted in virtually no symptoms (Supplemen-
tary Fig. 1b), no seroconversion (Supplementary Fig. 1c) and no
peripheral blood T cell responses as measured by flow cytometry
(Supplementary Fig. 1d). In clinical practice, transient and abortive
infections cannot therefore be readily detected or distinguished and
represent equally favourable outcomes. For the purposes of this
analysis, we therefore primarily focused on comparing the most
clinically-relevant outcomes of sustained infection (protocol-
defined) versus the combined uninfected group with functionally
complete protection.

Pre-existing cross-reactive antibody levels are poorly predictive
of protection against infection but correlate with delayed onset
of viral shedding

In the context of endemic respiratory viruses that cause re-infection
throughout life such as influenza virus and RSV, protection correlates
with circulating and/or mucosal antibodies™. Since the participants in
this study were seronegative to SARS-CoV-2, we first sought to test the
hypothesis that pre-existing levels of cross-reactive antibodies gener-
ated after earlier seasonal human coronavirus (hCoV) infections were
associated with protection. IgM, IgG and IgA against hCoV 229E, HKU1,
NL63 and OC34 spike, SARS-CoV-1 spike, and SARS-CoV-2 spike and
nucleocapsid (N) were measured in plasma and nasal lining fluid col-
lected at baseline (day -1; pre-inoculation) by Mesoscale Discovery
(MSD). Overall, no significant differences in systemic (Fig. 2a) or
mucosal (Fig. 2b) antibody levels were found between the 2 outcome
groups prior to inoculation. However, 6 participants in the uninfected
group were noted to have modestly higher levels of serum anti-SARS-
CoV-2 N IgG at baseline (Fig. 2a).

Subgroup analysis showed these individuals falling within the
abortive infection group, with anti-SARS-CoV-2 N IgG significantly
higher (without multiple testing correction for antigen and isotype
comparisons) in the abortive group compared with both transient
(p=0.0332) and infected groups (p = 0.0131) (Supplementary Fig. 2a).
Additionally, the mucosal anti-SARS-CoV-2 S IgA antibody level was
significantly higher in the abortive group compared with the transient
group (p=0.0009) (Supplementary Fig. 2b). Thus, protection against
detectable viral replication was associated with pre-existing antibodies
albeit based on small subgroups. These antibodies could have been
derived from earlier seasonal coronavirus infection, although asymp-
tomatic SARS-CoV-2 infection, without seroconversion cannot be fully
ruled out.

In addition, the variability in delay between inoculation and qPCR
positivity (time to qPCR positive) in the infected group was positively
correlated with baseline levels of several nasal antibodies, primarily
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Fig. 1| Divergent outcomes in seronegative adults inoculated with SARS-CoV-2.
a Schematic of the study timeline and sample collection timepoints utilised

for this analysis. b Diagram of the infection outcome groups and subgroups,
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qPCR (logo N gene copies/ml); viral load data was published previously’. Images
created in BioRender. Wagstaffe, H. (2025) https://BioRender.com/nqvesc4,
https://BioRender.com/hh208ml.

IgM binding SARS-CoV-2 S, but there was no correlation with plasma
antibody levels (Fig. 2c). Increased time to qPCR-positivity was thus
associated with an overall shorter duration of qPCR positive infection
(Fig. 2d), suggesting a potentially favourable relationship between
baseline cross-reactive antibody levels in the mucosa and reduced viral
shedding. Together, these data suggest that pre-existing cross-reactive
antibodies at the levels found in these young adult volunteers might
potentially have contributed to some protective effects but overall did
not clearly predict protection.

Protection from sustained SARS-CoV-2 infection is associated
with elevated nasal chemokine levels

In the absence of high levels of virus-specific antibodies capable of
preventing infection, other immune mechanisms potentially play a
more important protective role. Having previously identified specific
patterns of increased immune cellularity in the nasopharynx early after
inoculation in protected individuals®, we hypothesised that chemokine
gradients present at the time of virus exposure might predispose to
rapid local cellular recruitment. Thirty-five cytokines and chemokines
in nasal lining fluid and plasma at the pre-inoculation timepoint were
assayed by MSD; the full soluble mediator data set was presented
previously’. At baseline, a higher protein level of CCL13 (monocyte
chemotactic protein-4; MCP-4; p=0.0199) was observed in the unin-
fected compared with the infected group (Fig. 3a), though this did not

survive p-value adjustment for the number of mediators measured
(Supplementary Table 1). Baseline CCL22 (macrophage derived che-
mokine; MDC) was also higher in the uninfected compared with the
infected group, but this was not statistically significant (infected;
median 51.04 pg/ml vs uninfected; 69.96 pg/ml, corrected p =0.164)
(Fig. 3b). CCL13 and CCL22 act as myeloid and lymphoid cell che-
moattractants and are produced by multiple cell types™. At day 2 post-
inoculation, CCL13 protein remained significantly higher in the unin-
fected compared with the infected group (Supplementary Table 2,
adjusted p = 0.00159) (Fig. 3¢), while the level of CCL22 protein mea-
sured in the nasal lining fluid followed the same trend but was again
non-significant (Fig. 3d).

To determine which cells expressed these chemokine genes most
highly, we next analysed single cell RNA sequencing data from a subset
of the cohort (16 participants; 6 infected, 3 transient, 7 abortive).
CCL13 and CCL22 RNA were most evident in the myeloid cell com-
partment of the nasopharyngeal cells (tissue resident myeloid due to
location) collected by swab (Supplementary Fig. 3a and Fig. 3e) and the
monocyte and DC compartment of PBMC (Supplementary Fig. 3b).
Expression of nasal CCL13 RNA in individual cell populations was low
overall, but evident in DCs expressing CD69 and ITGAE (CD103) and
monocytes at day -1 and 1 in the uninfected group. While lacking in the
infected group at day -1and 1, CCL13 was upregulated atday 7and 10 in
monocytes and cDCs (Fig. 3f). DCs expressing CD69 and ITGAE in the
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Fig. 2 | Pre-existing cross-reactive antibody levels are poorly predictive of
protection against infection but correlate with delayed onset of viral shedding.
a Plasma and b mucosal lining fluid IgG, IgM and IgA against hCoVs 229E, HKU1,
NL63 and OC34 spike, SARS-CoV-1 spike and SARS-CoV-2 spike and nucleocapsid in
the infected (n =18) and uninfected (n = 16) groups measured at baseline (day -1) by
MSD (transiently infected shown as grey triangles, n=>5). ¢ Correlation matrix
heatmap showing Spearman correlations between baseline antibody level and time

to gPCR positivity in days corrected for multiple comparisons by false discovery
rate (FDR). d Two-sided spearman correlation between time to qPCR positivity and
duration of qPCR positivity in days. Median lines and IQR are shown. Two-sided
multiple Mann-Whitney unpaired tests corrected for multiple antigen and isotype
comparisons (Holm-Sidak’s) was used to show significance between the two
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uninfected group also expressed CCL22 RNA at day -1 and across the
time course, along with monocytes and cDC2 (Fig. 3g). We also showed
RNA expression of CCR1 and CCR2, receptors for CCL13, in several
circulating myeloid populations of the uninfected group, most notably
plasmacytoid DCs (pDC), cDC and monocytes (Supplementary Fig. 3c).

To investigate further, we measured the frequency of circulating
myeloid cell subsets by flow cytometry in whole blood. CDIc and

N
[$)]

N
o

15

10

d
Infected
— Uninfected
=90
/_\/*\ £
=]
£
o 60
N
|
]
(@]
30
0 5 10 0 5 10
Day post-inoculation
CCL13 CCL22
30 ¢
S
25 é
20 &
[
15 8
el
1.0 3
2
05 €
S
00 <
Uninfected
AS-DCH B Fraction of cells
DC CD69* ITGAE* o 61 in group (%)
Monocyte-| o 516 ’
cDC1 13 5
cbCz- 352 Mean expression
pDCH 61 in group
T - ® b~ o ¥ 0.0 0.05
Uninfected
AS-DCH 1 Fraction of cells
DC CD69* ITGAE*{ © @ e o o 61 in group (%)
Monocyte-| ° « o 516 T\..\‘..‘
cDC14 () 13 20 40 60 80100
bz © o ° o @ 352 Mean expression
pDCH 61 in group
S 0o o5
i j —— Peak nasal gPCR
=-0.668 p = 0.0058
—— AUC nasal g°PCR
- r=-0.669 p = 0.0068
5 10.5
r=0.486 p = 0.0101
5 2.0 . 21004,
2 ® :
5 1.5] 8 95
- .
X 8 9.0+ .
o 1.04 = .
g Tl T 8.5
o “« =
0.5 ~ 80
00 T T T T 7-: T T T
0 20 40 60 80 100 00 05 10 15 20
CCL13 (pg/ml) Frequency of cDC
(% of total)

CD1c" DC populations were gated and expressed as percentage of total
CD3'CD19'CD56, low SSC cells (gating strategy in Supplementary
Fig. 3d). Pre-inoculation, there was a significantly higher frequency of
CDIc DCs in the uninfected group compared with the infected group,
while no significant difference was seen in CDIc" DCs and pDCs
(Fig. 3h). The frequency of total cDC in the blood correlated positively
with the level of soluble CCL13 at baseline in the nasal lining fluid, these
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Fig. 3 | Protection from sustained SARS-CoV-2 infection is associated with
elevated nasal chemokine levels. a CCL13 and b CCL22 concentration in the nasal
lining fluid of the infected (n =18) and uninfected (n = 16) groups measured by MSD
at baseline (transiently infected shown as grey triangles, n=5). ¢ CCL13 and

d CCL22 concentration in daily nasal lining fluid samples pre- and post-inoculation
in the infected (n =18) and uninfected (n = 16) groups shown as loess plots. e UMAP
of nasopharyngeal tissue resident (location) myeloid cell compartment expression
of CCL13 and CCL22 RNA. f Nasopharyngeal myeloid cell CCL13 and g CCL22 RNA
expression in the infected (n = 6) and uninfected (n =10) groups pre and post-
inoculation. Circles represent the fraction of cells expressing CCL13 or CCL22,
circle colour indicates higher expression. Bars show the number of cells sequenced.

h DC populations in whole lysed blood were gated using CD1c and CD123. Plots
show baseline frequencies in the infected (n =18) and uninfected (n =16) groups as
a percentage of the CD3'CD19'CD56 gate (gating strategy shown in Supplementary
Fig. 3d) (transiently infected shown as grey triangles, n=>5). Spearman correlation
betweeni the baseline total cDC frequency in blood and CCL13 concentration in the
nasal lining fluid and j total cDC frequency in blood and viral load peak or AUC, no
correction for multiple comparisons. Box and whisker plots show minimum to
maximum, median, 25" and 75™ percentile and all points. Unpaired tests of sig-
nificance were undertaken by two-sided Mann-Whitney U test (a, b, h). *p < 0.02 or
p values shown.

data together suggesting that cDCs could be one of the main sources
of CCL13 in the nasopharynx (Fig. 3i).

Post-inoculation, there was no change in the frequency of DC
subsets in either uninfected or infected individuals (Supplementary
Fig. 3e). However, pre-inoculation cDC frequencies negatively corre-
lated with viral load in those who became infected (Fig. 3j). Our pre-
vious analysis demonstrated a strong correlation between activated
CDS8" T cells and viral clearance’, suggesting an indirect relationship
between cDCs and viral clearance via antigen presentation. No sig-
nificant differences in soluble CCL13, CCL22 or DC subset frequency
were measured between the transiently infected group and the infec-
ted or abortive group (Supplementary Fig. 3f, g, h). In particular, while
not powered to test differences between these subgroups, there was
no evidence that CCL13, CCL22 or DC frequencies were elevated in
transiently infected individuals, suggesting that these were more akin
to the infected than the abortive group. Together, these data suggest
that baseline myeloid and lymphocyte chemoattractant CCL13 and
CCL22 levels in the nose, primarily produced by DCs, may be asso-
ciated with prevention of infection.

IL-18 was also significantly different between infected and unin-
fected, but in contrast to CCL13, was higher in the infected compared
with the uninfected at day O (p = 0.0424, Supplementary Table 1). This
again did not survive p-value adjustment for multiple comparisons.
Furthermore, it demonstrated a more erratic pattern of expression
than CCL13 and CCL22, with the difference only seen at baseline
timepoint day O, not at day -1 (Supplementary Tables 1 and 3 respec-
tively) and without the same sustained expression as CCL13 and CCL22
into the post-inoculation period’ (Supplementary Fig. 3i). Given that
the difference in IL-18 only just reached statistical significance and
expression was highly variable, this was not investigated further.

Less differentiated, NKG2C NK cells at the time of inoculation
are associated with protection

Along with myeloid cell recruitment, single cell transcriptomics of
nasal cells demonstrated increased NK cell abundance and cycling in
the transient infection group at day 1 post-inoculation, suggesting a
potential role in early viral containment®. As hCoV-specific antibodies
pre-inoculation were not elevated overall in the protected participants,
we hypothesised that non-antibody mediated NK cell functions were
likely to be more important than Fc-mediated mechanisms such as
antibody-dependent cellular cytotoxicity (ADCC). We therefore pro-
ceeded to examine NK cell phenotype and function at baseline and the
early post-inoculation response in more detail.

NK cells of the nasopharynx were NCAMI low, B3GATI negative,
FCGR3A low, KLRCI positive and KLRC2 low (CD56°%, CD57, CD16"",
NKG2A" and NKG2C'¥, respectively) (Supplementary Fig. 4a) primarily
representing less differentiated, cytokine responsive/secreting NK cell
populations. To further characterise NK cells in this cohort, PBMC
from a subset of participants at day -1, 3, 7 or 10, 14 and 28 (n numbers
per timepoint per group is shown in the figure legend, with n =3 HCMV
seropositive in each group) were assessed for NK cell phenotypic
markers and analysed by unsupervised analysis and manual gating
(strategy in Supplementary Fig. 4b).

T-SNE and FlowSOM analysis of baseline samples (n =13 infec-
ted, n=14 uninfected) revealed clusters that differed between the
infected and uninfected groups (Fig. 4a). Cluster 1 and 5 were sig-
nificantly higher in count and frequency in the infected group com-
pared with the uninfected group implying an association with
susceptibility; no other clusters differed significantly in abundance
(Fig. 4b and Supplementary Fig. 4c). FlowSOM cluster 1 displayed a
CD569™CD57"CD16"'NKG2C" phenotype and cluster 5, which was low
or absent in the majority of uninfected participants, displayed a
CD56%™CD57*CD16NKG2C* phenotype, both representing highly
differentiated NK cell subsets'™” (Supplementary Fig. 4d). Further-
more, NK cells of cluster 1in the infected group had higher CD57 and
NKG2C MFI than those of the uninfected group and FCeR1y (marker
of adaptive) NK cells present in the infected group were low or
absent in the uninfected group (Fig. 4c).

To confirm the presence of adaptive NK cells, manually gating of
the adaptive (CD56%™CD57'FCeR1y) NK cell subset (gating strategy
Supplementary Fig. 4b) was overlayed and localised to cluster 1 and 5
of the tSNE map (Fig. 4d, in green). Manual gating confirmed a higher
frequency of less differentiated CD56™CD57" NK cells in the unin-
fected group compared with the infected group, with reciprocal higher
frequencies of more differentiated CD56Y™CD57" in the infected
group, which was significant at day 3 post-inoculation (Fig. 4e). This
difference was upheld when the 3 infection groups were compared:
there was a higher frequency of CD56™CD57* NK cells in the infected
group compared with the abortive group at day 3 (Supplementary
Fig. 4e). Regions in the baseline t-SNE map including regions A and B
(marked with an arrow in Fig. 4f) that displayed a less differentiated
phenotype (CD56%™mCD57emediate CD16NKG2C'") similar to those of
the phenotype found in the nasopharynx (shown in Supplementary
Fig. 4a) were enriched in the uninfected group (Fig. 4f) and the
CD57:CD57" ratio was higher in the uninfected group, although these
were not statistically significant (Fig. 4g).

The 3 HCMV seropositive participants in each group were evenly
distributed across the CD56%™ CD57'NKG2C* and CD57'FCeRly fre-
quency range suggesting HCMV infection (known to expand popula-
tions of highly differentiated and adaptive NK cells'®), was not driving
the differences observed between the two groups (Supplementary
Fig. 4f). Together, these data suggest that enrichment of less differ-
entiated, cytokine responsive/producing NK cells at baseline and early
after inoculation, alongside a lower proportion of highly differentiated
and adaptive NK cell populations (more specialised for ADCC
responses), was associated with resisting infection. This is supported
by single cell transcriptomic analysis demonstrating greater early
activation and cytokine module scores in NK cells particularly at day 1
and 3 in the abortive infection group, contrasting with greater cyto-
toxicity module scores in the sustained infection group (Supplemen-
tary Fig 4g; genes used to distinguish modules listed in Supplementary
Table 4).

To investigate the relationship between NK cell response and
viral clearance, we next measured proliferation (indicated by
upregulation of Ki-67) by flow cytometry. There was no evidence
of proliferation in the uninfected or transient groups
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Fig. 4 | NK cell NKG2C subsets at the time of inoculation are associated with
protection. The phenotype of NK cells in PBMCs was analysed by flow cytometry.
a FlowSOM clustering of the baseline NK cell t-SNE map showing clusters 1-12,

b cluster 1 and 5 count split by the infected (n =13) and uninfected (n = 14) groups
and ¢ phenotype analysis of FlowSOM cluster 1. d Manually gated baseline
CD569mCD57*NKG2C* and adaptive (CD569™CD57'FCeR1g) NK cells overlayed
onto the t-SNE map (gating strategy shown in Supplementary Fig. 4b). e Manually
gated NK cell subset frequencies determined by CD56 and CD57 at day -1, 3, 7 or 10
and 14 post-inoculation (baseline n =13 infected, n = 3 transient, n =11 abortive, day
3n=9,2,10,day 7/10 n=12, 2, 11, day 14 n=14, 2, 18, day 28 n=12, 4, 11 respec-
tively). f t-SNE plots showing CD56, CD57, CD16, NKG2C and NKG2A expression of
PBMCs by heatmap. g The ratio of CD56*™CD57 to CD569™CD57* NK cells, non-

significant by Mann-Whitney unpaired U test (infected (n =13) and uninfected
(n=14). h Heatmap of mean Ki67 expression fold change from baseline to peak
(day 7 or 10) in the infected group split by NK cell subset. i Spearman correlation
between the baseline ratio of CD57/CD57* and the duration of FFA positivity in days
in the infected group. j Spearman correlation heat map between baseline NK cell
subset frequency and duration FFA positive or time to FFA positive in the infected
group, not corrected for multiple comparisons. Lines show median or median and
IQR. Longitudinal analysis uses two-way ANOVA mixed-effects models with Geisser-
Greenhouse correction and Tukey’s or Sidak’s (between groups) multiple com-
parisons test (e), 2 group analysis uses two-sided Mann-Whiney unpaired U test
(b, g). *p<0.05, *p<0.01, **p <0.001.
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(Supplementary Fig. 5a), but in the infected group, all NK cell
subsets upregulated Ki-67 with the highest peak frequencies in
the CD569™CD57 subset (Supplementary Fig. 5b, gating strategy
in Supplementary Fig. 5¢). Greatest fold changes over baseline in
the more differentiated CD57° and NKG2C* subsets (Fig. 4h)
suggest robust responses by these cells occurred during infec-
tion, in line with their importance as antiviral effectors*™. To
further profile these cells, we tested the correlation between NK
cell subset frequency at baseline and the course of infection in
infected participants. A higher CD57:CD57" ratio at baseline sig-
nificantly correlated with a shorter duration of focus forming
assay (FFA; live virus) positivity (Fig. 4i). Higher CD56“™CD57 and
CD569™CD57"'NKG2C" NK cell frequency similarly correlated with
a shorter duration of viral shedding and also with delayed time to
FFA positivity (Fig. 4j). Conversely, a higher CD564™CD57*NKG2C
NK cell frequency was associated with a longer duration of live
virus positivity and shorter time to FFA positivity (Fig. 4j).
Together, these data suggest that if sustained infection does
occur, NKG2C* NK cells are associated with favorable outcomes.

Non-structural protein-specific, IL-2 producing T cells are pre-
sent in seronegative individuals and enriched in those who
remain uninfected

In those who remained uninfected, single cell RNA had previously
revealed an early increase in the abundance of infiltrating and tissue
resident CD4* and CD8" T cells in the nasopharynx at day 1 post-
inoculation (Fig. 5a; reanalysed from?). This was distinct from those
who developed sustained infection, where infiltrating T cells were
predominantly found at 5-14 days post-inoculation. The rapidity of
this early response suggested the presence of pre-existing memory
T cells associated with resistance to infection. Measurement of base-
line peripheral SARS-CoV-2 spike-, nucleocapsid- and membrane-
specific T cell responses by ELISpot showed frequencies below the
LLOQ and no differences in IFN-y producing T cells between the
groups (Supplementary Fig. 6a). We therefore sought to measure the
peripheral T cell response to antigens of the replication transcription
complex (RTC), which are well-conserved across hCoVs and have been
previously shown to be expanded in highly-exposed healthcare
workers who remained seronegative to SARS-CoV-2°.

Baseline PBMC from a subset of participants (infected (n=13),
transient (n=35) and abortive (n=10)) were stimulated with peptide
pools of the RTC (NSP7, 12 and 13) of SARS-CoV-2 and IL-2 and IFN-y
producing T cells were measured by Fluorospot (Fig. 5b). The majority
of participants in the infected and uninfected groups responded to
peptide pools covering NSP7, 12 and 13, despite no serological evi-
dence of prior COVID-19 infection (Fig. 5c). Although non-significant,
IL-2 producing T cells tended to be enriched in the uninfected com-
pared with the infected group, with a higher responder rate, although
the small sample size limited the power of this analysis (Fig. 5c). IFN-y
and dual producing IL-2 and IFN-y T cell responses were also detected
in both groups at low frequency (Fig. 5¢c). T cell responses to RTC
peptide stimulation were elevated at day 14 following sustained
infection compared to day 28, but no increase over time was observed
in the uninfected group (Fig. 5d). Baseline IFN-y producing T cell fre-
quencies against NSP12 in the uninfected group correlated positively
with the pre-inoculation levels of HKU1 and OC43 anti-spike antibody,
suggesting these cells may have been generated following previous
seasonal beta-hCoV infections (Fig. 5e).

Separating the transient from abortively infected individuals
suggest the pre-existing RTC-specific IL-2 producing T cell response
was similarly enriched in both sub-groups, although underpowered for
this comparison (Supplementary Fig 6b). Interestingly, the day 1
increase in nasopharyngeal T cell abundance was predominantly
infiltrating CD4" T cells (CD103 and /TGAE negative) in the transiently
infected subgroup; whereas, tissue resident CD103" CD8' T cells

dominated in the abortive subgroup (Supplementary Fig 6c). We
speculate that RTC-specific T cells present prior to inoculation are
involved in resisting detectable infection, and that CD8" resident
memory T cells at the site of infection might be particularly important
for the earliest termination of infection.

Since almost all participants had some degree of pre-existing RTC-
specific T cell memory, we then tested the relationship between
abundance of RTC-specific T cells and the course of infection. Baseline
IFN-y producing T cells in response to NSP12 peptide stimulation
correlated positively with the magnitude (AUC) of the polyclonal
activated and proliferating CD8" T cell response (Fig. 5f), the kinetics of
which were reported previously’. Baseline NSP12 reactive IFN-y pro-
ducing T cells also negatively correlated with the duration of qPCR
positivity (Fig. 5g). These findings therefore provide further support
for the importance of CD8" T cells in viral clearance, with pre-existing
cross-reactive T cells likely derived from earlier seasonal hCoV infec-
tions predisposing to more favourable outcomes against primary
infection with the pandemic virus’. However, in the absence of high
levels of virus-specific immunity, our data also show the importance of
a coordinated, multi-factorial immune response and indicate how
chemokines, DCs and NK cell subsets, antibodies and local T cells
present at the time of virus exposure may all contribute to prevent and
modulate viral replication early post-infection.

Integrative machine learning identifies CCL13-CD1c" DCs as a
protective axis

The antiviral immune response is highly coordinated and multiple
arms of immunity are tightly co-regulated. It is therefore unsurprising
that multiple immune factors (antibodies, soluble mediators, immune
cells) were all associated with divergent clinical outcome. To assess the
relative importance of these and infer their relationship with each
other, we undertook multivariate analyses, initially training a logistic-
regression classifier (with elastic-net regularisation) using baseline
soluble mediators as predictors, these being the most complete and
comprehensive dataset. Overall, the model showed good and stable
discrimination of the uninfected versus infected groups across repe-
ated cross-validation runs (AUROC 0.785; Fig. 6a, Supplementary
Fig. 7a, b). However, few nasal proteins ranked by selection frequency
showed strong statistical significance (Fig. 6b). CCL13 was among the
consistently selected top important features but did not surpass the
permutation-based significance threshold. Instead, IL-10 emerged as
the top-rank feature by selection frequency (permutation-based
p=0.089) and was significant in its coefficient fit (Fig. 6b). Univariate
analysis showed IL-10 to be higher in the infected group, potentially
marking susceptibility to infection, although the difference was not
significant by Mann-Whitney U test (Supplementary Fig. 7c). Overall,
these results suggest that while the aggregate protein signature pro-
vides discriminatory information, individual feature contributions
remain difficult to resolve once inter-feature dependencies are
considered.

Next, we aimed to delineate the dependency (and potential reg-
ulatory) structure among baseline features, several of which were
associated with protection. Using machine learning, we inferred a
conditional independence network to identify associations between
features that persist after statistically conditioning on all other fea-
tures. Notably, the network recovered the dependency between CCL13
and circulating CD1c¢' DC frequency (Fig. 6¢, Supplementary Fig. 7d),
further supporting CCL13-DC as a protective axis. There was also a
relationship between CCL13 or CCL22 and NK cell CD57 ratio, sug-
gesting a role for these chemokines in NK cell composition. In addition,
the network revealed a strong association between circulating CDI1c*
DC frequency and the NSP-specific IL-2 producing T cell response
(Spearman correlation r=0.620, p=0.006; Supplementary Fig. 7d),
which further supports the involvement of CD1c* DCs in T cell activa-
tion through antigen presentation and co-stimulation. In contrast, IL
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Fig. 5 | Non-structural protein-specific, IL-2 producing T cells are present in
seronegative individuals and enriched in those who remain uninfected.

a scRNA sequencing showing abundance of infiltrating T cells and tissue resident
T cells in the nasopharynx by fold change over baseline (day -1) in the infected
(n=6) and uninfected (n =10) groups. b Representative Fluorospot data showing
DMSO (negative control), NSP13 peptide pool, FEC (influenza, Epstein-Barr virus
and CMV) and ConA (positive control) stimulated wells. ¢ Stacked graphs showing
baseline IL-2, IFN-y and double IL-2 and IFN-y spot forming units (SFU) upon NSP7,
NSP12, NSP13 peptide stimulation measured by Fluorospot, and pie graphs show
number of responders (responding to any one of NSP7, NSP12, NSP13 peptide pool
stimulation) in the infected (n =13) and uninfected (n =15) groups. d Sum of NSP7,

NSP12, NSP13 IL-2 SFU at baseline (n =11 infected, n =5 transient, n=9 abortive),
day 14 (n=11infected, n =4 transient, n =9 abortive) and 28 (n=5 infected, n=2
transient, n = 6 abortive) post-inoculation. e Spearman correlation matrix heatmap
showing correlations between baseline anti-Spike IgG against seasonal HCoVs and
baseline IL-2 or IFN-y SFU of the uninfected group. Spearman correlation between
f baseline IFN-y SFU in response to NSP12 and the AUC of the CD8" CD38"Ki67*
frequency in the infected group or g the duration of qPCR positivity in days. Box
and whisker plots show minimum to maximum, median, 25" and 75" percentile and
all points. Significance testing was done by two-sided Mann-Whitney unpaired U
test (c) or one-way ANOVA mixed-effects models with Geisser-Greenhouse cor-
rection and Holm-Sidak’s multiple comparisons test (d). *p < 0.05, **p < 0.01.

-18 and IL-10, which had emerged as potential markers of suscept-
ibility did not form part of this cluster. Together, these analyses sug-
gest a CCL13-CDIc" DC-centered program at baseline that couples
chemokine to T cell readiness, potentially explaining protection
against primary viral infection.

Discussion

Despite lacking specific immunity, not everyone becomes infected
when encountering a novel pathogen. Here, we identified immune
features associated with resistance to primary infection by studying
participants who were exposed via inoculation to SARS-CoV-2 but
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Fig. 6 | Conditional independence network analysis reveals the dependency
structure of baseline immune factors. a Receiver Operating Characteristic (ROC)
curve of classifying the uninfected participants (n = 16) versus those with sustained
infection (n=18) using regularised logistic regression across repeated cross vali-
dation (CV) runs (n=100). The diagonal grey dashed line represents the perfor-
mance of a random binary classifier. b Top predictive features ranked by selection
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deviation of feature selection frequencies and coefficients obtained from 100
randomly partitioned train-test datasets (orange), and from 100 null models per CV
run by permutation of response labels (grey). Empirical one-sided p-values were
computed by comparing observed values with permutation-based null distribu-
tions. *p <0.05, **p < 0.01. ¢ Conditional independence sub-network of baseline
immune factors centered on 1023 the CCL13-DC axis (grey convex hull). Edge color
reflects Spearman correlation coefficient.

remained uninfected. Of the pre-existing immune factors measured,
pre-exposure CCL13 levels in the nasal mucosa correlating with cDCs
were found to be key features associated with functionally complete
protection. Additionally, pre-existing cross-reactive T cells and less
differentiated NK cell subsets were higher in those who resisted
infection, with network analysis demonstrating the dependent rela-
tionship between all these features. In contrast, low levels of antibodies
in blood and nose, presumably generated by previous seasonal cor-
onavirus infection showed modest association with protection. These
results thus define the complex, multi-layered nature of immune
protection in the context of emergent viruses with innate and early
adaptive cellular immunity in the respiratory mucosa playing an
especially important protective role.

SARS-CoV-2 human challenge of seronegative adults resulted in
three different infection outcomes, but outside of the study setting,
transient and abortive infections are inevitably grouped together as
uninfected since they result in no clinical sequelae and cannot be
readily diagnosed. Nevertheless, single-cell RNA sequencing had pre-
viously shown that none of these participants truly had sterilising
immunity, with evidence of cellular immune responses at the mucosal

level in both transient and abortive subgroups®. With this classification,
there was no clear relationship between pre-inoculation antibody
levels and the uninfected outcome, in line with other studies showing
antibodies from previous coronavirus infections not being a major
player in protection against SARS-CoV-2'. Here, we additionally
observed a sub-category of participants in the abortive group with
moderately higher baseline systemic anti-N IgG and nasal anti-S IgA,
which might have further contributed to the almost complete pro-
tection observed. Since baseline anti-S IgG or SARS-CoV-2-specific T
cell frequencies were not elevated in these participants compared with
others in the uninfected group, it is unlikely that these antibodies were
due to earlier SARS-CoV-2 infection, although asymptomatic SARS-
CoV-2 exposure cannot be fully ruled out. Instead, the sequence
similarity of N between SARS-CoV-2 and other beta hCoVs, notably
0C43, suggest that these could have been induced by recent seasonal
coronavirus infections”'®, The importance of this is unclear, as these
individuals were a small minority and antibody levels did not explain
why others in the abortive or transient infection groups without such
antibodies also did not develop sustained infection. It is theoretically
possible that antibodies against other internal proteins that we did not
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measure could constitute a further explanatory variable. However,
cross-reactive antibodies against other internal proteins such as the
NSPs of ORFlab, while previously described following SARS-CoV-2
infection, are rare" with these proteins not part of the virion and only
present when transcribed.

In contrast, our data suggest that the chemokine CCL13 (also
known as Monocyte chemoattractant protein-4 [MCP-4]), which acts as
a myeloid cell and lymphocyte chemoattractant, could be a more
important factor in protection against primary infection. CCL13 is
produced by multiple cell types, including structural, epithelial and
myeloid cells, and binds several different chemokine receptors CCR1,
2,3, 4,5 and 11 to mediate its function™. Its role is best understood in
asthma and other airway diseases, where it promotes recruitment of
macrophages and eosinophils, increasing inflammation, but its invol-
vement in respiratory viral pathogenesis is unclear. In children with
viral exacerbation of asthma, CCL13 is upregulated during sympto-
matic disease and has been associated with macrophage recruitment®.
One study has also shown higher levels in patients hospitalised with
respiratory viral infection but no clear link to severity or protection has
previously been demonstrated”*. Furthermore, since there is no
direct murine homologue and only partial functional overlap with
CCL12 in the mouse, mechanistic investigation remains limited®.

Here, we showed not only that nasopharyngeal DCs were
expressing CCL13 but also a strong correlation between circulating
DCs and nasal CCL13, further confirmed by network analysis. While the
mechanism underlying this correlation could not be tested in this
system, the finding suggests that there might be mutual reinforcement
between local chemokines and DCs that traffic between blood and
tissue with CCL13 a key mediator that represents a resting mucosal
environment predisposed to the rapid cellular response upon inocu-
lation associated with resisting infection. In our study, the reason for
these differences in the pre-existing nasal environment is unclear,
although recent respiratory infections, vaccinations or environmental
factors may influence this. For example, up to 8 months following
SARS-CoV-2 mRNA vaccination (BNT162b2), myeloid associated cyto-
kine production capacity was enhanced in response to stimulation
with bacterial TLR stimulants**. However, many of the uninfected
group participants developed SARS-CoV-2 infection in the community
during the follow-up period of the study, implying that this protective
state might only be transient. Nevertheless, these findings suggest that
sustained boosting of CCL13 specifically at the site of infection, per-
haps by mucosal vaccination or other local immune-stimulating
interventions, may be beneficial.

¢DCs are essential for anti-SARS-COV-2 CD8" T cell responses in
the lung, with an absence of cDCl1 resulting in higher viral loads in a
mouse infection model”. Network analysis of our data similarly
revealed the dependent relationship between CDIc" DCs and NSP-
specific T cells. In this setting, an early mucosal tissue resident T cell
signature, that we speculate was cross-reactive for SARS-CoV-2, and
higher frequencies of circulating T cells responding to RTC antigens
were shown in the uninfected group. In these participants, no systemic
adaptive immune responses were detectable, implying that early
protective T cell responses had been entirely restricted to the
respiratory tract. T cells against early viral proteins (translated first
during viral replication, before a full replication cycle is complete?*?)
have been proposed as mediators of complete protection if able to
terminate the infection before spreading of the virus triggers systemic
immunity and seroconversion. RTC proteins are expressed and pre-
sented earlier than structural proteins and contribute to more HLA-I
presentation, although at lower levels, than structural proteins®.
Clonally expanded TCRs that recognize NSP12 in SARS-CoV-2 unex-
posed individuals were able to kill a K562 cell line expressing NSP12
in vitro®. An earlier study in highly exposed healthcare workers had
shown expanded populations of these cells in those who remained
seronegative but with evidence of virus exposure by interferon-

stimulated gene upregulation®. These cells were also detected in pre-
pandemic bronchoalveolar lavage samples, proving their cross-
reactivity and generation by previous seasonal hCoV infection®’. We
previously showed that tissue resident CD8" T cells in the lung fol-
lowing controlled human influenza infection possessed innate-like
properties, supporting their potential role in immediate protective
responsiveness®. Thus, we propose that in the context of a coordi-
nated immune response, cross-reactive T cells are likely to play an
important role in protection and disease reduction, and our findings
strongly support these as a target for cross-protective vaccination.

NK cells also play a critical role in viral control during infection,
killing infected cells via multiple direct or indirect mechanisms, while
producing cytokines to orchestrate the immune response within hours
of viral exposure. IFN-y* NK cells recruited to the lung after mucosal
vaccination in a mouse model played a critical role in lung DC
recruitment and activation and CD8" T cell responses®. Furthermore,
depletion of NK cells in a non-human primate model of SARS-CoV-2
infection resulted in higher viral loads and a longer duration of
infection®. The human NK cell subsets CD56%€", CD56%™CD57,
CD56%™CD57" and subpopulations of highly differentiated
CD57°NKG2C" and adaptive CD57'FCeR1y subsets hold a diverse array
of functions>**, Less differentiated (CD56°" and CD56%™CD57) NK
cells are more responsive to cytokine stimulation than their more
differentiated adaptive counterparts (CD56“™CD57*NKG2C", FCeR1y),
which preferentially mediate cytotoxic and antibody-dependent
functions. Here, we showed higher frequencies of less differentiated
NK cells in those who resisted infection, supporting the hypothesis
that participants with a higher proportion of these less differentiated
NK cells might be more able to clear virus early during primary infec-
tion with their greater cytokine responsiveness in the absence of
strain-specific antibodies.

Adaptive NK cell subsets have been found to be expanded in the
blood of patients with severe SARS-CoV-2 infections and are able to
perform ADCC and secrete IFN-y in response to SARS-CoV-2
peptides'*’>*. In this context, they are thought to be beneficial in the
outcome of severe infection'***, Furthermore, deletion or mutation
of the NKG2C gene has been associated with severe disease, suggest-
ing NKG2C" NK cells and their function are important in preventing
progression to severe infection>**%. In the mild infections seen here,
more highly differentiated NKG2C* NK cells were indeed associated
with a delayed onset of infection and a shorter duration of live virus
positivity. Thus, NK cell subsets may differentially impact primary
infection with SARS-CoV-2, preferentially enhancing early and late viral
clearance depending on their relative frequency and functions. In
support of this, Strauss-Albee et al. demonstrated a greater NK cell
diversity (shown to increase with antigen exposure) was associated
with a higher risk of HIV-1 acquisition, potentially due to a decreased
adaptability to respond to new pathogens®. This highlights NK cells
and their diverse phenotypes and functions as an understudied mea-
sure of infection outcome and target for prevention.

The complex nature of protective immunity and inherent limita-
tions of human studies make understanding of the multiple inter-
connected factors associated with differential outcome a challenge.
However, machine learning enabled us to delineate a regulatory
structure of a cluster of baseline features that we propose could be a
key protective pathway against primary infection. In this hypothetical
framework, CCL13, produced by resident DCs and other myeloid cell
subsets in the nose, acts as a core mediator that readies the respiratory
mucosa for rapid recruitment of DC subsets, NK cells and/or other
innate cells from the blood. Upon viral infection, these cells then
directly or indirectly through enhanced activation of Trm cells termi-
nate viral replication before triggering any systemic immune
responses.

The major limitations of this study are the low participant number
per group, the young age range and early SARS-CoV-2 variant used for

Nature Communications | (2026)17:312


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67017-8

challenge, which could constrain the generalisability of the conclu-
sions drawn. Direct comparison of these findings in human challenge
studies of previously infected and vaccinated cohorts will also be
important, the SARS-CoV-2 immunological landscape having changed
dramatically over time, with studies clearly showing a shift towards
spike-specific and neutralising antibody-mediated protection in the
seropositive context®*°. Nevertheless, these results signpost the
immune pathways on which larger cohorts and further studies should
focus for targets as correlates of protection for pandemic prepared-
ness and to understand the inter-relatedness of immune mechanisms
that might require more complex multi-variate correlates to be
developed. These results argue for the targeting of local immunity for
novel preventative measures in preparation for future outbreaks and
pandemics, including topical immunostimulatory interventions, adju-
vants and broadly protective mucosal vaccines.

Methods

Study design, ethical approval and participants

The study design, public consultation, and ethical approvals for the
study have been detailed previously. The study was conducted in
accordance with the protocol; the consensus ethical principles derived
from international guidelines, including the Declaration of Helsinki
and Council for International Organizations of Medical Sciences
International Ethical Guidelines; applicable ICH Good Clinical Practice
guidelines; and applicable laws and regulations. The screening proto-
col and main study were approved by the UK Health Research
Authority’s Ad Hoc Specialist Ethics Committee (references 20/UK/
2001 and 20/UK/0002) and registered with ClinicalTrials.gov (identi-
fier NCT04865237). Written informed consent was obtained from all
volunteers before screening and study enrolment.

Thirty-four volunteers were healthy adults aged 18-29 years with
no previous SARS-CoV-2 infection or vaccination (negative for SARS-
CoV-2 anti-S antibodies measured at screening by MosaiQ COVID-19
antibody microarray (Quotient)). Participants were inoculated intra-
nasally by pipette with 10 TCIDs, of wild-type SARS-CoV-2 (20 A clade
of the B.1 lineage possessing the D614G mutation; GenBank accession
number OM294022) between both nostrils (100 ul each). Safety was
assessed with daily blood tests, spirometry, electrocardiograms, clin-
ical assessments (vital signs, symptom diaries and clinical examina-
tion) and CT scan of chest on day 5 (all participants) and day 10
(infected participants only), safety and tolerability data were pre-
sented previously’. Eight participants (24%) were positive for HCMV
serology tested at baseline in serum using Human Anti-CMV I1gG
ELISA (Abcam).

Sample and data collection

Venous blood plasma (EDTA) and nasosorption samples were col-
lected at day -1 and day O and daily post-inoculation and nasophar-
yngeal swab samples were collected at day -1, 1, 2, 5, 7, 10 and 14.
Venous blood (lithium heparin) samples were collected at day -1, 3, 7,
10, 14, and 28 for PBMC isolation (see below). Nasosorption samples
were eluted in 330 ul of immunoassay buffer AB-33k (Millipore) con-
taining 1% Triton-X100 (v/v) (Sigma). Nasopharyngeal swab samples
were cryopreserved in FCS/10% DMSO prior to processing for
sequencing. PBMCs were isolated by density centrifugation using
Histopaque 1077 (Sigma-Aldrich) as previously described’. Briefly,
whole blood samples were diluted (1:1) in PBS and overlayered onto
Histopaque, centrifuged for 30 min at 400 x g. Isolated PBMCs were
washed in PBS and used immediately or cryopreserved in FCS/
10% DMSO.

Viral load was measured from mid-turbinate and throat flocked
swabs placed in 3 ml of viral transport medium (BSV-VTM-001, Bio-
Serv) that was analysed by RT-PCR and quantitative culture by FFA as
previously described®. Symptom diaries were self-completed three
times daily from day -1 to day 14 after inoculation, serum anti-spike

antibody level was measured by ELISA (Nexelis). Viral load, symptoms
and antibody levels were reported in detail previously*’.

Quantification of soluble mediators and antibody by MesoScale
Discovery

The full data set of antibody and soluble mediator levels was presented
in detail previously’. A panel of 35 cytokine and chemokine immune
mediators were measured by MesoScale Discovery (MSD) multiplex
immunoassays, consisting of CCL2, CCL3, CCL4, CCL13, CCL22,
CXCLI0, Eotaxin, Eotaxin-3, GM-CSF, IFNa2a, IFNf3, IFN-y, IFN-A (IL-29)
IL-1c, IL-1B3, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8 (CXCLS8), IL-10, IL-12p40, IL-
12p70, IL-13, IL-15, IL-16, IL-17A, IL-18, IL-33, TARC, TNF, LTa, TSLP and
VEGF-A per manufacturer’s instructions. Unquantifiable samples were
given a value of the lower limit of detection, denoted on plots as a
dashed line. SARS-CoV-2 and hCoV anti-Spike antibody titers were
similarly quantified using MSD multiplex immunoassay Coronavirus
panel 2. Antibody panels were developed using anti-human IgG, IgM,
or IgA and binding titres given as arbitrary units per milliliter (AU/ml)
based on a kit-provided human standard curve.

Flow cytometry

For myeloid cell staining, fresh whole blood was RBC lysed using
Pharmlyse (BDbiosciences), washed in PBS then stained Zombie UV
Fixable Viability Kit (Biolegend) according to manufacturers instruc-
tions. Cells were then stained for CD3 BV510, CD123 APC, CD56 BV510
(all Biolegend), CD14 APC-H7, CD19 BV510, HLA-DR PE-CF594 and CDIc
APC-R700 (all BDbiosciences) in Brilliant Stain Buffer (BDbiosciences)
for 30 min at room temperature. Cells were washed in PBS with 2% FBS
then fixed with CellFix (BDbiosciences) for 20 min at 4 °C, washed and
resuspended in PBS 2% FCS. T cell CD38 and Ki-67 expression used for
correlation analysis was obtained by staining freshly isolated PBMC
samples, methods are detailed previously’. Data were acquired on a BD
LSRFortessa.

For NK cell staining, cryopreserved PBMC were thawed into pre-
warmed RPMI with 10% FCS and washed and strained through a 40 mm
cell strainer. A subset of participants were used based on cell avail-
ability (numbers are stated in the figure legends), either day 7 or day 10
was used. There were three participants that were HCMV seropositive
in each infected and uninfected groups. Cells were counted using a
Countess Automated Cell Counter (Invitrogen) and rested for a max-
imum of 2 h. Cells were stained with Zombie UV Fixable Viability Kit
(Biolegend) according to manufacturers instructions, followed by
surface staining with CD57 e450, CD25 PerCP Cy5.5 (Invitrogen), CD56
PE-Cy7, HLA-DR APC R700 (BDbiosciences), CD3 BV510, CD69
BV711, NKG2C PE, NKG2A APC, and CD16 BV605 (all Biolegend) in
Brilliant Stain Buffer. Cells were washed in FACS buffer (PBS containing
2% FCS and 2 mM EDTA) then fixed and permeabilised for intranuclear
staining using Foxp3/Transcription Factor Staining Buffer Set (Ther-
moFisher). Ki67 BV786 (BDbiosciences) and FCeR1y FITC (Merck) were
then added for 30 min at 4 °C. Data were acquired on a BD FAC-
Symphony. Antibody details are in Supplementary Table 5.

Single cell RNA transcriptomics

scRNA transcriptomics was performed on a subset of participants, n=6
infected, n=3 transient and n=7 uninfected, detailed methods are
described previously®. In brief, processed single cell RNA-sequencing
data (accessible through the COVID-19 Cell Atlas web portal: https://
covidl9cellatlas.org; raw sequencing data deposited under controlled
access at the European Genome-Phenome Archive under accession
number EGAD00001012227°) was analysed using the single-cell analysis
Python workflow Scanpy (Cite: PMID: 29409532). The original cell type
annotations were used for all downstream analysis. Fold changes in
nasopharyngeal immune cells over time were modeled using general-
ised linear mixed models (GLMMs) with a Poisson outcome (Cite: PMID:
38898278). Participant identifiers and days since inoculation were
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included as random effect terms. Models were fit on relative immune cell
abundances in each sample using the glmer function of the Ime4 pack-
age implemented in R. Fold changes for each factor were estimated
using the ranef function of the Ime4 package and standard errors of the
variance were calculated with the numDeriv package. Log-transformed
fold changes are relative to the pre-inoculation time point (day-1). The
local true sign rate and Benjamini-Hochberg procedure were used to
determine false-discovery rates (FDRs) to assess the statistical sig-
nificance of the fold change estimates.

T cell ELISpot

Ex vivo ELISpot was carried out on fresh PBMC samples by Oxford
Immunotec and data was presented previously’. Briefly, T-Cell Xtend
reagent (Oxford Immunotec Abingdon, UK) was added to density
gradient isolated PBMC to extend survival, PBMCs were counted using
flow cytometry to ensure an adequate number in all patient’s samples.
IFN-y secreting T cells specific to spike (N and C terminus), nucleo-
capsid and membrane protein specific antigen panels based on the
Wuhan-Hu-1 sequence (YP_009724390.1) were detected using the
T-SPOT Discovery test performed, according to the manufacturer’s
protocol. Antigen-specific T cell frequencies were reported as spot
forming cells (SFC) per 250,000 PBMCs.

T cell Fluorospot

Cryopreserved PBMC were thawed and washed in CTL Anti-Aggregate
Wash, resuspended in CTL Serum-Free Media (all ImmunoSpot) and
rested for a maximum of 2 h. A subset of participants were used based
on vial availability (numbers are noted in the figure legends). Cells were
counted using a Countess Automated Cell Counter (Invitrogen). Pep-
tides were diluted in CTL Serum-Free Media and added to pre-coated
3-colour (IFN-y, TNF and IL-2) Fluorospot plates (all Immunospot) at
1pg/ml. SARS-CoV-2 peptides used to stimulate PBMC were previously
described®, NSP7 (15 peptides), NSP12 (36-37 per pool, 5 pools com-
bined into a single well) and NSP13 (39-40 peptides per pool, 3 pools
combined into a single well). PBMC plus anti-CD28 co-stimulation were
added to each well at 400,000 per well and incubated for 18 h at 37 °C
with 5% CO,, Internal plate controls were two DMSO wells (negative
controls), concanavalin A (ConA; Sigma-Aldrich) and FEC (HLA
I-restricted peptides from influenza, Epstein-Barr virus and CMV; 1 pg/
ml per peptide; Miltenyi Biotec).

The average of two DMSO wells was subtracted from all peptide-
stimulated wells for a given PBMC sample and any response that was
lower in magnitude than 2 s.d. of these sample specific DMSO control
wells was not considered to be a peptide-specific response (given value
0 or 1 on a log scale). Results were expressed as SFCs per 10° PBMC
after background subtraction. Results were excluded where positive
control wells (ConA and/or FEC) were negative. A responding sample
was classed as any sample positive for any of NSP7, 12 or 13.

Elastic net classification of infection outcomes

Elastic net models were constructed using the eNetXplorer R package
v1.1.3" to classify uninfected (n =16) versus infected group (n =18) using
day -1 nasal soluble mediators (cytokines, chemokines) as predictors.
This framework enables the identification of stable models and pre-
dictors that are consistently selected across multiple cross-validation
(CV) runs. Raw MSD data were first log-normalized to stabilise variance,
followed by z-score scaling to standardise each feature to have mean 0O
and standard deviation 1. Models were then fitted under the “binomial”
family (logistic regression with elastic-net regularisation), with hyper-
parameters (@ and A) optimized over 100 repeated 10-fold CV runs.
Model performance was evaluated by classification accuracy, and fea-
ture importance by the frequency that predictors were selected, i.e., with
non-zero coefficients, across model runs. Null distributions of model
performance, feature selection frequency, and feature coefficient were
generated from 100 runs of random permutation of response labels.

Significance of model performance and feature frequency and coeffi-
cient was assessed relative to the null models.

Conditional independence network analysis

A conditional independence network of baseline immune factors
(soluble mediators, immune cell frequencies, RTC-specific T-cell IL-2
response) was inferred to capture direct (i.e., dependencies that
remain after statistically conditioning on all other variables), rather
than indirect associations. The network was estimated using the
Meinshausen-Biihimann neighborhood selection method*, in which
each variable was fitted on all others using an Ll-penalized (Lasso)
regression model, with non-zero coefficients indicating conditional
dependencies (edges) between variables. Pairwise rank-based asso-
ciations among baseline features were first summarised in a Spearman
correlation matrix which provided sufficient statistics for the regres-
sion procedure, and this correlation matrix was then supplied as input
to the R huge package v1.3.5** (method = “mb”) to estimate the net-
work. The penalty hyperparameter A was selected within the range 0-1
at the inflection point of the sparsity-1 curve, where network sparsity
began to stabilise. For visualization, CD1c" DC and CD1c" DC cell fre-
quencies, and CCL13 were selected as central nodes, and their first-
order neighbors were retained. Scripts are available here https://
github.com/ah2426/covhic00L1.

Data analysis and statistics

Flow cytometry data were analysed using FlowJo version 10.10.0.
Dimension reduction and visualisation was performed by t-distributed
stochastic neighbour embedding (t-SNE) and clustering by FlowSOM**
of downsampled (4000 NK cells per participant) baseline (day -1)
concatenated FCS files that were first processed using FlowAl. T-SNE
was run with an iteration number of 1000 and perplexity of 30, groups
were then pulled out by keyword and sample ID. Statistical analysis was
performed using GraphPad Prism version 9.2 and R version 4.2.1 or
4.2.3. Loess plots were generated in R using packages ggplot, ggplot2,
tidyr, ggraph, and ggpubr with the ‘loess’ method using the default
span=0.75. Comparisons between infected and uninfected groups
utilised Mann-Whitney unpaired U tests or ANOVA mixed-effects
models with correction and multiple comparisons test indicated in the
figure legends. Correlation analyses used Spearman. A p value of less
than 0.05 was used to indicate significance.

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

Data availability

Raw sequencing data reused in this paper are accessible through the
COVID-19 Cell Atlas web portal https://covidl9cellatlas.org and are
deposited under controlled access at the European Genome-Phenome
Archive under accession number EGADO0001012227. All other data
are available in the article and its Supplementary files or from the
corresponding author upon request. Source data are provided with
this paper.

Code availability

Analysis code and data for the elastic-net and conditional indepen-
dence network analyses are available at GitHub (https://github.com/
ah2426/covhic001).
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