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Abstract

Dysregulation of the myeloid cell compartment is a feature of severe disease in hospitalized COVID-
19 patients. Here, we investigated the response of circulating dendritic cell (DC) and monocyte
subpopulations in SARS-CoV-2 infected outpatients with mild disease and compared it to the
response of healthy individuals to yellow fever vaccine virus YF17D as a model of a well-coordinated
response to viral infection. In SARS-CoV-2-infected outpatients circulating DCs were persistently
reduced for several weeks whereas after YF17D vaccination DC numbers were decreased
temporarily and rapidly replenished by increased proliferation until 14 days after vaccination. The
majority of COVID-19 outpatients showed high expression of CD86 and PD-L1 in monocytes and DCs
early on, resembling the dynamic after YF17D vaccination. In a subgroup of patients low CD86 and
high PD-L1 expression were detected in monocytes and DCs coinciding with symptoms, higher age
and lower lymphocyte counts. This phenotype was similar to that observed in severely ill COVID-19
patients, but less pronounced. Thus, prolonged reduction and dysregulated activation of blood DCs
and monocytes were seen in a subgroup of symptomatic non-hospitalized COVID-19 patients while a
transient coordinated activation was characteristic for the majority of patients with mild COVID-19
and the response to YF17D vaccination.

Introduction

Infections with SARS-CoV-2 emerged in 2019 and, due to its highly contagious nature, led to a global
pandemic. The clinical presentation of SARS-CoV-2 infections is highly variable, ranging from
asymptomatic infections to mild, moderate and even severe disease with fatal outcome. Host
factors, such as age, sex, comorbidities, and the quality and dynamic of the immune response have a
significant influence on disease progression after infection (1). In patients who progress to severe
disease, the immune response appears to be dysregulated, leading to inflammatory responses and
subsequent tissue damage in the lung and other organs. In mild disease cases, the infection is well
controlled by the immune system and is either asymptomatic or associated with mild symptoms
such as fever or cold-like symptoms without known organ damage. The innate immune response
triggered by viral sensors is highly relevant for limiting virus replication and dissemination as well as
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inducing adaptive immune responses. However, it also causes inflammatory responses that
contribute to organ damage. Therefore, the innate immune response is a deciding factor for the
course of COVID-19 (2, 3) and other viral infections such as influenza pneumonia (4, 5). Early innate
responses also impact the response to live-virus vaccines (6, 7).

Yellow fever (YF) vaccination using the live-attenuated vaccine virus (YF17D) can be used as a model
for controlled viral infections in humans (8). Alterations in the composition and activation state of
circulating myeloid cells and a robust systemic innate immune response dominated by IFN-
stimulated genes have been observed in response to YF17D. Interestingly, it was shown that gene
expression changes in peripheral blood mononuclear cells (PBMC) indicating strong innate immune
responses correlate with and predict adaptive immune responses to vaccination (7, 9). This
highlights the importance of a well-coordinated response of innate immune cells such as dendritic
cells (DCs) and monocytes for adaptive immunity.

DCs are professional antigen-presenting cells (APCs) and are highly competent in secreting pro-
inflammatory cytokines as well as inducing adaptive immune responses. They are divided into
conventional DCs (cDCs) and plasmacytoid DCs (pDCs). While cDC1 are efficient in crosspresenting
antigens to CD8" T cells and promoting their differentiation into cytotoxic T cells, cDC2 are potent
inducers of T helper (Th)2 and Th17 responses. Due to their ability to produce large amounts of type
I IFNs upon viral stimulation, pDCs are important for innate antiviral immunity and also support
antiviral T cell responses. In the peripheral blood of patients with severe COVID-19, the frequency
and absolute numbers of pDC and cDC subsets are persistently reduced (10-15). Phenotypic changes
observed in circulating DCs and monocytes of hospitalized COVID-19 patients include reduced
expression of HLA-DR and costimulatory molecule CD86 as well as high expression of regulatory
molecule programmed death-ligand-1 (PD-L1), a ligand of inhibitory receptor PD-1 expressed on
activated T cells. Additionally, DC function was found to be impaired resulting in a reduced capacity
to stimulate T cells and a diminished ability to secrete antiviral cytokines (10, 14, 15). Several studies
have described impairment and dysregulation of the innate immune response in hospitalized COVID-
19 patients with more severe disease (13, 15, 16), but these results may be confounded by
comorbidities and therapeutic interventions and lack information on milder disease courses.
Furthermore, studies comparing the innate immune response to SARS-CoV-2 to models of well-
controlled viral infections such as YF17D vaccination are lacking. This could elucidate differences in
the dynamic and magnitude of the responses and help to identify specific features of immune
dysregulation in COVID-19 patients.

Therefore, this study provides a longitudinal analysis of circulating DC and monocyte subset
responses in outpatients lacking major comorbidities or therapeutic interventions associated with
severe COVID-19 disease manifestations. The response to SARS-CoV-2 is then compared to the well-
coordinated response seen in these cell types after yellow fever vaccination that leads to long-lasting
protection from infection. Through this comparison we identified a persistent reduction in
circulating DC numbers and a heterogenous activation profile of DCs and monocytes. In a subset of
COVID-19 patients we identified low CD86 and high PD-L1 expression in DCs and monocytes as
characteristic features associated with more symptomatic disease and higher age.
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Results

Study design

To analyze the innate immune response to SARS-CoV-2, multi-parametric flow cytometric analysis of
DC and monocyte subsets was performed using PBMCs freshly isolated from blood of SARS-CoV-2
infected outpatients at several timepoints after primary symptom onset. The patients and their
household contacts were longitudinally monitored with nasal swabs and SARS-CoV-2 diagnostic PCR
for several months. All patients in this study presented with mild COVID-19 symptoms (score 1-3)
without the need for hospitalization (mild, n = 39). Participants with SARS-CoV-2 infection were
enrolled within 14 days of symptom onset into the KoCo19-Immu study from May to December 2020
in Munich, Germany, before the emergence of variants of concern, and followed during 3 weekly
visits until week 4 and two additional visits after 2 months (Figure 1A, first timepoint 1-7 days after
symptom onset, median 5 days). The healthy (H) control group was recruited from household
contacts of COVID-19 patients as well as other age-matched donors (healthy = H, n = 15, Figure 1A).
Seven hospitalized COVID-19 patients with severe disease (score: 4-8, median score: 8) enrolled in
December 2020 were included in this study as a separate group (severe =S, n = 7, median 10 days
after diagnosis). To compare the innate immune response to SARS-CoV-2 with the response of
healthy individuals to YF17D vaccine virus, blood samples were collected from healthy volunteers
shortly before and on days 3, 7, and 14 after vaccination and freshly isolated PBMC were analyzed by
flow cytometry (orange, n=9-20, Figure 1 A).

Increase of Lineage™ HLA-DR" cells lacking DC and monocyte markers in PBMC of COVID-19
patients

Previous publications reported a reduction of monocyte and DC frequency in patients with severe
COVID-19 manifestations (13). To analyze this in our cohort, we determined the frequency of
monocytes and DCs within the HLA-DR" Lin” PBMC fraction at different time points after symptom
onset (1-7 [median: 5], 8-14 [11], 15-21 [17], 22-27 [25], 28-35 [32], 36-59 [41.5] and over 60 [68]
days) and compared it to that of the healthy control group. As expected, a relative reduction of the
percentages of monocytes and DCs of total HLA-DR" Lin ~ cells was observed in COVID-19 patients
with severe disease compared to the healthy control group. However, this was not observed in the
COVID-19 outpatient group (Figure 1 B, C, gating in supplementary figure S1). Concomitantly,
nonDCs, which lack typical monocyte and DC markers as well as T, B, NK cell and granulocyte
markers (CD3°, CD14’, CD16°, CD19’, CD20, CD56’, CD66b", CD123", CD11c, CD1c, CD141°) but
expressing CD86" and HLA-DR*, were found to be highly represented in patients suffering from
severe disease (Figure 1 B, C, supplementary figure S2). In outpatients with mild disease, a significant
increase of nonDCs was also observed at early time points up to 14 days after symptom onset but
was less pronounced than in the hospitalized patients with severe COVID-19 (Figure 1B, C). In
summary, a statistically significant increase of nonDCs was found during both severe disease and
early mild COVID-19 while DC and monocyte frequencies were significantly reduced only in patients
with severe COVID-19.

Dynamic changes in monocyte and DC subpopulations in COVID-19 patients

Focusing on monocytes, we found an increased percentage of CD14" CD16" intermediate monocytes
up to 7 days after symptom onset and a reduction of CD14~ CD16" non-classical monocytes in
outpatients with mild disease and in hospitalized patients with severe disease. In patients with
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severe disease the percentage of CD14" CD16™ classical monocytes was significantly reduced due to
the shift towards intermediate monocytes (Figure 1D, gating strategy supplementary figure S1). No
major changes in the composition of the DC compartment were observed (supplementary figure S2).
To assess the time course of pDC and c¢DC1 frequencies within individual patients we restricted the
analysis to 20 patients of which at least 3 consecutive samples were available. These measurements
were grouped into 3 time points after the onset of symptoms: 0 to 15 days (to 15), 16 to 30 days (to
30), and 31 to 70 days (>30). This analysis revealed great interindividual variability in the dynamic
changes of pDC and cDC1 frequencies with a subgroup of patients showing reduced cDC1
frequencies up to 30 days after symptom onset with recovery thereafter (Supplementary figure S3).
Absolute counts of cDC1, cDC2 and pDCs were significantly reduced at early time points after
symptom onset compared to the latest time point while monocyte counts were not significantly
altered in the cohort of outpatients with mild COVID-19 (Figure 1 E).

We conclude from these results that outpatients with mild COVID-19 show similar shifts in monocyte
subpopulations as observed previously in more severe disease that were most pronounced within
the first week after symptom onset. Additionally, a reduction in absolute numbers of pDC and cDC
subsets was identified, while DC subset composition was not greatly altered and highly variable
between individuals.

Distinct activation and proliferation profile of DCs in mild compared to severe COVID-19
patients

Recruitment of immature immune cells into the circulation was observed after infection with SARS-
CoV-2 (13). Since an expansion of HLA-DR" cells lacking markers of differentiated DCs and monocytes
(nonDCs) was observed, the proliferation of these cells in comparison to DCs and monocytes was
measured by staining for the proliferation marker Ki67. The highest frequency of Ki67" cells was
found in the nonDC fraction in all samples especially in those from severely affected COVID-19
patients. The frequency of Ki67" cells was also increased compared to healthy controls in pDCs, cDC2
and monocytes in patients with severe disease manifestations. In some patients with mild disease,
increased Ki67 expression was seen in monocytes at later time points (Figure 2 A, B, C). A
significantly increased expression of costimulatory molecule CD86 could be observed at early time
points in patients with mild disease compared to healthy controls in pDC, monocytes and nonDCs. A
similar trend was observed in cDC1 and ¢DC2. On the contrary, in patients with severe COVID-19,
downregulation of CD86 was found in monocytes, nonDCs, and cDC2, thereby showing distinct
activation profiles between patients with severe and mild disease manifestations (Figure 2 D, E, F,
gating in supplementary Figure S2). PD-L1 expression was upregulated in cDC1 and classical
monocytes of outpatients with mild disease, but a stronger upregulation was seen in patients with
severe disease in all DC and monocyte subsets. While this was especially pronounced in classical
monocytes, it was also observed in non-classical monocytes and pDC, ¢cDC1, cDC2, and transitional
(t)DCs. The increased expression of PD-L1 in patients with mild course of COVID-19 compared to
healthy controls was also observed at late time points (up to 60 days) after symptom onset,
indicating effects lasting beyond the acute phase of the disease even in mild cases (Figure 2D, F). In
some cell populations, downregulation of PD-L1 compared to healthy controls was seen, such as
cDC2, tDC and nonDC. Different time courses in the expression of CD86 and PD-L1 were observed in
individual patients, with a subgroup of patients expressing low levels of CD86 and high levels of PD-
L1 from the earliest timepoint up to 15 days after symptom onset and another subgroup expressing
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lower levels of PD-L1 than the other patients at all time points (Supplementary Figure S3). Thus, a
difference of activation marker expression was seen in mild compared to severe COVID-19 patients,
with an upregulation of CD86 and PD-L1 detected in mild disease, and downregulation of CD86 and
upregulation of PD-L1 detected in severe disease.

A subgroup of mild COVID-19 patients shows early downregulation of CD86

To investigate the different activation profiles in COVID-19 patients in an unbiased approach,
dimensionality reduction was performed using principal component analysis (PCA) with all scaled
and centered data obtained from flow cytometric measurements such as DC and monocyte
population frequencies and their activation status. COVID-19 patients with severe disease (dark
green) clearly separated from the mild cases (light blue/green and orange, color coded according to
timepoint after symptom onset) in terms of PC1 and PC3 while the mild cases and healthy controls
(grey) clustered together (Figure 3A). Analysis of the PCA’s rotation showed that parameters with
the strongest influence on PC1 were the percentage of Ki67" pDC, the percentage of PD-L1" cells (PD-
L1" cDC2, PD-L1*tDC, PD-L1" cDC1, PD-L1* pDC, PD-L1" non-classical monocytes), and the percentage
of CD86" cells (CD86" intermediate monocytes, CD86" cDC2, CD86" non-classical monocytes, CD86"
classical monocytes, CD86" tDC, CD86" honDC, CD86" cDC1). Other parameters with strong influence
on PC3 were the percentages of DC subsets of total DCs (DCs of HLA-DR" living, pDC of DCs, DC of
HLA-DR" Lin~, cDC2 of DCs, nonDC of DCs)

Subsequently, the temporal dynamics of the response within the mildly affected COVID-19
outpatients were analyzed. This analysis was restricted to 20 patients, of which longitudinal
measurements with early (0 to 15 days), intermediate (16 — 30 days), and late (31 — 70 days) time
points were available. The data was normalized by calculating the difference between the first and
intermediate time point and between the first time point and the late time point. A positive
difference (color scale: green) indicates downregulation, and a negative difference indicates
upregulation (color scale: orange) at the intermediate and late time points compared to the early
time point. With this normalized data k-means clustering, a centroid based unsupervised clustering
algorithm, was performed to cluster patients depending on their DC and monocyte response to
SARS-CoV-2 infection. After k-means clustering of the 20 patients, cluster 1 encompassed 4 patients
(median age = 54, symptoms score = 3), cluster 2 contained 13 patients (median age =36, symptoms
score = 3) and cluster 3 contained 3 patients (median age=30, symptoms score =2) (Figure 3B). The
greatest difference between the clusters was seen in the change of CD86 and PD-L1 expression both
at the intermediate and the late time point. For example, PD-L1 expression in monocyte subsets was
upregulated at the later timepoints in cluster 3, while it was downregulated or unchanged at the
later time points in clusters 1 and 2 (Figure 3D).

Patients belonging to these 3 clusters were also grouped together in a PCA analysis of the centered
and scaled data (here not normalized to the first timepoint) (Figure 3C). Especially the
measurements at the earliest time point (0 to 15 days) differed between the clusters. Analysis of
classical monocytes showed a CD86 downregulation and high PD-L1 expression in cluster 1, while
clusters 2 and 3 contained patients with higher CD86 expression in monocytes and cluster 3 patients
with very low early PD-L1 expression in monocytes (Figure 3D). Similar effects were seen in cDC2
(Figure 3D). The CD86 expression in cluster 1 was much lower than in the healthy control group
(dotted line) and this change was still observed at later time points after symptom onset
(Supplementary Figure S2). In cluster 2, CD86 expression was only decreased at late time points,
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thereby showing a transient and early upregulation of CD86 in these patients. On the other hand,
PD-L1 expression was elevated in clusters 1 and 2 while cluster 3 showed a decreased PD-L1
expression compared to healthy controls. Cluster 1 patients showed high expression of PD-L1 and
low expression of CD86 in monocytes throughout the observation period (Figure 3 D). Proliferation
marker Ki67 was also differentially expressed in the clusters with a high expression of Ki67 in

classical monocytes found in cluster 1, and a high expression of Ki67 in cDC2 found in cluster 1 and 3.

Thus, distinct activation profiles were seen between severe hospitalized and mild outpatient COVID-
19 cases. Additionally, within the outpatient cohort distinct activation profiles were observed as
well.

Low expression of CD86 in monocytes is associated with higher age and more symptomatic

disease

In cluster 1 a clinical score of 3 was reached in 3 of 4 patients (75%). In cluster 2 a clinical score of 2
was assigned to 6 patients (46%) and a score of 3 was reached by 7 patients (54%), whereas all
patients in cluster 3 had a score of 2 (Figure 3E). Patients in cluster 1 also showed a very low
percentage of lymphocytes at the early time point (Figure 3F), consistent with a correlation of
lymphopenia with higher disease severity that has been described (17). Patients in cluster 1 were
also older than in cluster 2 and 3 (median age 54 vs 36 and 30). Viral copy numbers in
nasopharyngeal swabs in the first week after symptom onset tended to be higher in the more
symptomatic patients in cluster 1 and 2 at this time point (Figure 3F, median copies 9 vs 8 and 5).

Our cluster analysis indicated that higher age coinciding with more symptomatic disease and
lymphopenia was associated with changes in the expression of activation marker CD86. The
described phenotypic changes in blood DCs and monocytes could be due to the systemic
inflammatory response with elevated cytokine and chemokine levels in the blood. We therefore
analyzed the concentrations of cytokines and plasma proteins at the early time point (day 1-15 after
symptom onset) in the 3 clusters and detected higher levels of plasma PD-L1 in cluster 1 and 2
compared to cluster 3 consistent with higher expression of PD-L1 in monocytes and DCs in these
patient clusters (Figure 3F). Plasma levels of C-X-C motif chemokine ligand (CXCL)10, CXCL11, CC-
chemokine ligand (CCL)2 and CCL3 were highly variable but all patients with chemokine levels above
those of healthy controls at this time point belonged to cluster 1 and 2, which contain the patients
with more pronounced symptoms and higher age (as shown in Figure 3F). CCL17 concentrations
showed a tendency to be lower in cluster 1 patients. Plasma PD-L1 levels positively correlated with
PD-L1 expression on monocytes (Figure 3G) confirming the flow cytometric measurements.
Interestingly, PD-L1 expression on monocytes also significantly correlated with viral load (Figure 3G).
The activation marker expression of CD86 and PD-L1 did not correlate significantly with any of the
cytokines and plasma proteins measured. However, Ki67 expression in classical monocytes
significantly correlated with CXCL10 (Figure 3G). The percentages of CD86" classical monocytes and
cDC2 at the first measured time point were inversely correlated with age in the COVID-19 outpatient
cohort (classical monocytes: R=-0,68, p =0.0004; cDC2: R=-0.53, p = 0.009), but not in the healthy
control group (classical monocytes: R=-0,13, p=0.97; cDC2: R=-0.03, p=0.9;) (Figure 3H,
supplementary figure S3).

Taken together, the unbiased clustering analysis reveals variability in the innate immune response
within the group of mild COVID-19 patients. A higher clinical score in mild COVID-19 patients was
associated with higher age, viral load and PD-L1 expression as well as lower lymphocyte count and
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CD86 expression. However, the majority of mild COVID-19 patients had a low clinical score and
showed high expression of both PD-L1 and CD86.

Circulating cDCs are transiently activated and proliferate in response to YF17D vaccination

In order to put the observed response of circulating DCs to SARS-CoV-2 infection into context with a
well-characterized anti-viral immune response leading to long-lasting protection, YF17D vaccination
was used as a model of such a coordinated and efficient immune response to viral infection in
humans. Healthy volunteers were vaccinated with YF17D and blood was drawn at day 0 before
vaccination, and day 3, 7, 14 and 28 after vaccination and PBMCs were analyzed via flow cytometry
(Figure 4A). Similar to infection with SARS-CoV-2, early expansion of intermediate monocytes could
be seen (Figure 4B). In contrast to our observations in SARS-CoV-2 infected patients with mild or
severe disease no expansion of nonDCs, immature HLA-DR" Lin- cells lacking typical monocyte and
DC markers, was detected after yellow fever vaccination (Figure 4C). In the DC fraction a significant
expansion of pDCs was seen 3 days after vaccination followed by a reduction compared to baseline
on day 14 after vaccination, whereas pDC frequency was rather reduced at early time points after
SARS-CoV-2 infection (Figure 4D). Increased proliferation of pDCs was not detected after vaccination
(Figure 4F). The percentages of cDC1 and cDC2 were concomitantly slightly reduced on day 3 and
day 7 after YF17D vaccination (statistically significant only for cDC2 on day 3) and returned to
baseline afterwards (Figure 4D). This recovery was preceded by a temporary increase in the
percentage of proliferating Ki67* ¢cDCs on day 3 and 7 after vaccination indicating increased turnover
and subsequent rapid regeneration of the circulating cDC compartment (Figure 4F). Unlike in
patients with COVID-19 disease no significant reduction of pDC and cDC1 counts was seen in the
peripheral blood of YF17D vaccinated subjects at any of the timepoints (Supplementary Figure S4).
¢DC2 and tDC counts were significantly reduced on day 7 after vaccination. However, the decrease
of DC counts on day 7 was only to 60% of baseline in the YF17D vaccinees compared to 28% of
baseline in patients with mild COVID-19 disease in cDC2, and only 61% compared to 41% in tDCs.
Thereby, in YF17D the reduction of cDC2 and tDCs was not as pronounced as in COVID-19 and not as
long-lasting.

Activation markers CD86 and PD-L1 were both temporarily upregulated in DC and monocyte subsets
after vaccination with YF17D (Figure 4E). PD-L1 and CD86 were also upregulated in the majority of
SARS-CoV-2 infected outpatients compared to healthy controls except for a subgroup of older SARS-
CoV-2 infected outpatients and patients with severe COVID-19 disease that showed reduced CD86
expression (shown in Figure 2D and 3D). Age might contribute to differences observed between the
response to SARS-CoV-2 and YF17D vaccination because the vaccination cohort was younger. We
therefore restricted the analysis to a subgroup of the outpatient COVID-19 cohort below the age of
35 (COVID-19: median age 30, n=11; healthy: median age = 25, n=9). In this subgroup of younger
patients, we also detected an increased percentage of nonDCs in HLADR" Lin™ cells, a reduced
frequency of CD14°CD16" non-classical monocytes and a tendency towards increased PD-L1 and
CD86 expression in monocytes at the first timepoint after diagnosis as shown for the whole cohort
(Supplementary Figure S5A-C). Also, in the younger subgroup of COVID-19 patients a longer lasting
reduction of DC subset counts without increased frequency of proliferating DCs was observed
(Supplementary Figure S5D-F).

Thus, YF17D vaccination induced a transient coordinated response of circulating antigen presenting
cells (APCs) with the peak on day 7 after vaccination and rapid recovery of blood cDCs, while the
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responses in COVID-19 were longer-lasting even in mild outpatient cases and led to incongruent
regulation of CD86 and PD-L1 in monocytes and cDCs in a subgroup of older patients with mild, but
symptomatic disease.

Discussion

In this study, the innate immune response of peripheral blood DCs and monocytes of non-
hospitalized patients diagnosed with COVID-19 was characterized and compared to the response in
hospitalized COVID-19 patients, healthy controls and individuals vaccinated with YF17D. The study
cohort presented here differs from previous COVID-19 study cohorts since it includes not only
hospitalized patients with severe COVID-19 disease manifestations but also a large cohort of patients
with only mild symptoms that were self-isolating at home and that were regularly followed up over a
long time period. These patients lacked major comorbidities and therapeutic interventions that are
often found in cohorts of hospitalized patients with COVID-19 and can limit the interpretation of the
study data.

Interestingly, many changes found in patients with severe disease progression after SARS-CoV-2
infection were also identified in the non-hospitalized patients albeit to a lower extent. Several
reports have described a reduction in monocyte and DC numbers in the peripheral blood of patients
with severe COVID-19 (10, 11, 13-15, 18, 19). We could confirm the persistent reduction in DC subset
numbers in patients with mild disease progression. Perez-Gomez et al. also reported a long-lasting
reduction of cDC2 and pDCs in the blood of hospitalized and non-hospitalized patients alike (18).
Thus, depletion of DCs from the blood which may be due to increased extravasation and/or
increased cell death also occurs in mild disease. An increased frequency of proliferating HLA DR*
cD86™ cells lacking markers of differentiated DCs, monocyte and other cell lineages (B, T, NK,
granulocyte) previously described by us in hospitalized COVID-19 patients with severe disease (14)
was also found in the peripheral blood of patients with mild COVID-19 although less pronounced
than in severe COVID-19. The expansion of this population is therefore a consequence of the acute
SARS-CoV-2 infection and not due to comorbidities, medications or severe illness. The high
percentage of Ki67" cells in this population at all timepoints during COVID-19 disease could indicate a
progenitor function. But, in our previous study (14) where we found these non-DCs to be expanded
in hospitalized COVID-19 patients, expression of CD34, CD117, CD115 or CD127 was not detected
and their phenotype didn’t match that of known progenitor populations of
monocytes/macrophages, DCs and lymphoid cells. A similar increase in HLA-DR" immature cells with
a concomitant decrease of DC subsets in the blood was previously observed in malaria patients (20,
21). The "non-DCs" found in both severe and mild COVID-19 patients could be non-canonical DC-like
cells or precursors generated in an attempt to regenerate the DC compartment. Since the same
population was not found to be increased after vaccination with YF17D, it may be an indicator of the
emergency myelopoiesis and systemic inflammation known to occur during acute SARS-CoV2
infection (13, 22).

Within the monocyte compartment a shift towards intermediate monocytes and a reduction of non-
classical monocytes were observed at early time points in COVID-19 patients with mild disease
confirming findings in hospitalized patients with more severe disease (13, 16). The transiently
increased frequency of intermediate monocytes that was also seen after YF17D vaccination is a
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common feature of the systemic response to viral infection and vaccination (9, 23-25) whereas the
reduction in non-classical monocytes is rather specific for SARS-CoV-2 infection (13, 16, 26).

We had previously observed reduced CD86 and increased PD-L1 expression in circulating cDCs and
monocytes in a cohort of hospitalized COVID-19 patients that coincided with a reduced capacity of
these APCs to stimulate T cells (14). In contrast, the majority of patients in our outpatient cohort
showed a high CD86 expression early on which was reduced at later time points suggesting initial
upregulation followed by return to or below baseline. However, reduced expression of co-
stimulatory molecule CD86 on cDCs and monocytes was detected in a cluster of patients with the
highest clinical score and the lowest lymphocyte count. In the outpatient cohort we also found an
inverse correlation of monocyte CD86 expression with age that was not seen in healthy donors.
Thus, low CD86 expression in circulating DCs and monocytes is a feature associated with more
symptomatic disease and higher age even in a cohort of outpatients with a favorable course of the
disease in the absence of confounding factors such as major comorbidities and therapeutic
interventions.

Multiple studies have described the association of old age with more severe COVID-19 disease
outcomes (27). Age-associated changes in the immune response such as altered cytokine responses
in elderly patients have been shown to contribute to more severe COVID-19 (28). Interestingly, in
aged mice, upregulation of CD86 is reduced after TLR2 and influenza-induced stimulation (29).
Monocytes from elderly people respond to stimulation by reduced production of cytokines (30) and
reduced upregulation of CD80 (31). Thereby, reduced or altered ability to respond to certain viral
and non-viral stimuli seems to be a conserved effect in aged mice and humans. In patients with
COVID-19, the age-dependent downregulation of CD86 expression in APCs could influence activation
of subsequent adaptive immune responses.

PD-L1 expression in classical monocytes was persistently increased in the majority of patients in our
outpatient cohort with the exception of a few younger patients with less severe symptoms, lower
viral load and normal levels of inflammatory chemokines. Our study indicates that CD86 and PD-L1
expression in monocytes and DCs stratifies patients according to disease intensity. Soluble (s)PD-L1
levels correlated with PD-L1 expression in monocytes in our study. Higher levels of sPD-L1 were
found in COVID-19 patients requiring mechanical ventilation compared to those not requiring
mechanical ventilation (32). PD-L1 expression can be induced by type I IFNs as well as by IFN-y
produced by natural killer cells and T cells during viral infection (33).

Vaccination with the live-attenuated viral vaccine YF17D is accompanied by temporary changes in
gene expression, frequency and phenotype of circulating immune cells including DCs and monocytes
indicating a coordinated and reversible systemic innate response that is relevant for the high efficacy
of this viral vaccine (7, 34). Here we show that there are common features as well as substantial
differences in the response of circulating DC and monocyte to SARS-CoV-2 infection compared to
YF17D vaccination. In contrast to the longer lasting reduction in cDCs and pDCs observed after SARS-
CoV-2 infection, which occurred also in the younger patients, there was only a temporary and minor
decrease in cDC2 after YF17D vaccination, followed by rapid replenishment. An increase in the
percentage of Ki67" cDCs preceded the recovery of the blood cDC compartment suggesting that
active proliferation of cDCs or release of recently generated proliferating cDCs into the circulation
rapidly compensate the loss of cDCs in the response to YF17D vaccination. This greatly enhanced
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proliferative response in cDCs was not seen in COVID-19 outpatients despite the reduction in ¢cDC
numbers indicating impaired or delayed regeneration. Similarly, the reduction in circulating pDCs
that was only seen after SARS-CoV-2 infection was not accompanied by increased proliferation in
mild COVID-19. These differences between the response to YF17D vaccination and SARS-CoV2
infection were probably not due to the younger age of the vaccinees, as reduction in DC numbers
without remarkable proliferation was also observed in younger patients. Increased proliferation of
¢DCs and pDCs could however be detected in severe COVID-19 cases, which can be interpreted as an
attempt to replenish the DC compartment in reaction to the profound depletion seen in these cases.
The dysregulated “emergency” myelopoiesis with expansion of immature neutrophils and
monocytes observed in COVID-19 patients (13) as well as increased cell death in DCs (35) could be
responsible for the delayed recovery of the DC compartment. In mouse models of bacterial and viral
infection development of cDCs from precursors was also shown to be reduced while monopoiesis
was increased (36, 37).

In the majority of SARS-CoV-2 infected outpatients with mild disease a similar response of blood
monocytes and cDCs with temporary upregulation of CD86 and PD-L1 expression was observed as

IM

after YF17D vaccination indicating a “normal” controlled response to infection. A similar activation of
c¢DC2 and monocytes was also seen after adenoviral vaccination (38). Nevertheless, a subgroup of
COVID-19 outpatients showed reduced CD86 and high PD-L1 expression in monocytes and cDC2s, a
phenotype associated with reduced ability to stimulate T cells that was seen also in hospitalized
patients with more severe disease (current study and (13, 14, 39). This indicates a functional
impairment of antigen presenting cells in a minor fraction of SARS-COV-2 infected outpatients while
in the majority of oligosymptomatic patients the DC and monocyte phenotype was comparable to

that detected after YF17D vaccination which leads to highly efficient T cell activation (7, 40, 41).

The in-depth characterization of the response of circulating DC and monocyte subpopulations to
viral infection and vaccination presented here defines key features of innate immune responses
leading to protective immunity as well as indicators of dysregulated responses of antigen presenting
cells to SARS-CoV-2 infection that may also occur in a subgroup of patients in the absence of
comorbidities, old age, severe illness and specific therapies.

Materials and Methods

COVID-19 study participants

Patients were recruited as part of the KoCo19 study by providing information and contact details to
households of Munich with at least one registered positive polymerase chain reaction (PCR) test for
SARS-CoV-2 reported to the Health Department of Munich. For this longitudinal cohort, that has
been described in detail by Puchinger et al. (42), PCR-positive individuals and their respective
household members were enrolled, and blood samples were collected in the Division of Infectious
Diseases and Tropical Medicine, University Hospital, LMU, Munich, Germany between May 2020 and
February 2021 at defined timepoints after primary diagnosis during household visits or at a central
testing facility with approval from the LMU ethics committee (no. 20-371) (42). The time of symptom
onset and the symptom intensity as well as preexisting conditions and the use of medications were
documented (self-reported using a questionnaire, Supplementary table1). One asymptomatic
patient was excluded from the analysis since day after symptom onset could not be calculated. In
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addition, blood samples from patients with severe COVID-19 collected in September 2020 were
analysed (COVID-19 Registry of the LMU University Hospital Munich with approval from the LMU
ethics committee (no. 20-24 and 592-16, CORKUM, WHO trial ID DRKS00021225)). Patients were
assigned a maximal clinical score that was adapted from the WHO ordinal scale (WHO COVID-19
Therapeutic Trial Synopsis available online: https://www.who.int/publications/i/item/covid-19-
therapeutic-trial-synopsis): score 1: asymptomatic; score 2: mild symptoms, not hospitalized; score
3: moderate symptoms, not hospitalized; score 4: oxygen by mask or nasal tube; 5: non-invasive
ventilation; 6: invasive ventilation; 7: organ support (extracorporeal membrane oxygenation); 8:
death (patients with scores 4-8 were hospitalized).

YF17D vaccination cohort

PBMC from YF17D vaccinees were obtained from a subgroup of a larger vaccination cohort at the
Division of Infectious Diseases and Tropical Medicine and the Department of Clinical Pharmacology
(Prof. Dr, Simon Rothenfusser), University Hospital, LMU Munich, Germany). The study was
approved by the LMU ethics committee no. 86-16. All participants were healthy (aged 21 to 35
years, supplementary table 2) and had not been previously exposed to wild type YFV and were not
previously immunized against YF. After giving informed consent, the patients received a single
subcutaneous injection of the YF17D vaccine (Stamaril, Sanofi Pasteur, Lyon, France) at the Division
of Infectious Diseases and Tropical Medicine at LMU Munich. Blood was drawn directly before
vaccination and on days 3, 7, 14 and 28 after vaccination using the S-Monovette Sodium-Heparin
(Sarstedt, Niirnbrecht, Germany).

PBMC isolation and flow cytometry

PBMCs were isolated from whole blood by gradient centrifugation and directly used for flow
cytometric analysis. PBMC from COVID patients and COVID-negative controls were stained and
analyzed together on the day of sampling. PBMC were stained in 200 pl of PBS, 2mM EDTA, 10% FCS
(v/v) with fluorescently labeled antibodies as indicated in the supplementary table 3 and incubated
for 20 min at room temperature. Fixable viability dyes were used according to the manufacturer's
protocol. Cells were fixed and permeabilized with FoxP3/transcription factor staining buffer
(ThermoFisher, Cat. # 00-5523-00) following the manufacturer’s instructions. Intracellular staining
for Ki67 was performed and fixed afterwards with Cellfix (BD, cat. # 340181) following the
manufacturer’s instructions. Samples were measured using the CytoFLEX S flow cytometer (Beckman
Coulter). FCS files were exported and analyzed with FlowJo software v10.7.1. Data was analyzed in a
blinded fashion and fluorescence minus one controls for PD-L1, CD86 and Ki67 were used. Samples
with population counts <10 cells were excluded. To obtain lymphocyte and monocyte cell counts per
ul blood a BD Multitest 6-color TBNK test (BD cat # 337166) was performed. In the KoCo-Immu study
fresh EDTA whole blood samples were drawn at all visits and were stained according to the
manufacturer’s instructions and measured on a CytoFLEX S cytometer. The absolute number of
monocyte and DC subsets were calculated from these cell counts.

Plasma analytes

The concentrations of the indicated cytokines and PD-L1 were analyzed in plasma samples from
patients enrolled in the COVID-19 study by 26 plex human magnetic Luminex assay (R & D Systems,
cat. # LXSAHM-26) according to the manufacturer's instructions and analyzed by MAGPX13263702
(Luminex).
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Data analysis

Statistical analysis was performed using GraphPad Prism 9.1.0 and R 4.0.3 (packages
used:ggplot2_3.3.3,ComplexHeatmap_2.4.3, ggstatsplot_0.6.8). PCA was performed using the
parameters shown in the heatmap in figure 3B from all timepoints measured without normalizing to
first timepoint. Statistics were tested with the Kruskal-Wallis test. Multiple testing was corrected
using the Dunn’s multiple comparison test. Box plots show the upper and lower quartiles, and
whiskers indicate 1.5 IQR. Subpopulations containing less than 10 cells were excluded from analysis.
p-values below 0.05 were considered to indicate statistically significant differences.
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A) Design of the COVID-19 study. PBMCs of outpatients with mild COVID-19 disease,

hospitalized, severe COVID-19 patients, healthy controls and healthy donors
vaccinated with YF17D were collected at multiple time points. Dendritic cell and
monocyte frequencies and activation status were measured via flow cytometry. B)
Dot plot of representative healthy control, severe COVID-19 patient (12 days after
infection) and mild COVID-19 patient (11 days after symptom start) showing gating
of monocytes, DCs and nonDCs within HLA DR* Lineage (CD3, 19, 20, 56, 66b)
negative (Lin") living cells. C) Monocyte, DC and nonDC frequency within HLA DR*
Lin~ living cells in mild patients (blue), healthy controls (grey) and severe,
hospitalized COVID-19 patients (green). Significance indicated by asterisks. D)
Frequency of monocyte subsets defined by CD14 and CD16 expression of total

monocyte cells in patients with mild disease progression (blue), healthy controls

(gray), and hospitalized COVID-19 patients with severe disease progression (green).

E) Absolute numbers of the indicated cell types measured in Giga per liter blood
(G/1) of the patients with mild COVID-19 disease manifestations. B-E) Significant p
values indicated by asterisks (*p < 0.05, **p > 0.01, ***p > 0.001, ****p > 0.0001)
are shown as calculated in R using the Kruskal-Wallis test and Dunn’s multiple

testing and comparing with healthy controls (B, D) or with the last time point (E).
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Figure 2. Activation and proliferation of DCs and monocytes in mild compared to severe COVID-
19
A) Heatmap showing the mean percentage of Ki67" cells of DC and monocyte

subpopulations in patients with a mild disease progression, healthy controls
(H), and hospitalized COVID-19 patients with a severe disease progression (S),
unscaled. Dark orange indicates high, and green indicates low expression. B)
Representative contour plots showing Ki67 and CD86 expression in pDCs of a
COVID-19 patient with severe disease progression. The FMO control for Ki67
staining is shown on the right. C) Percentage of Ki67* pDC, cDC2 and Ki67"*
CD14'CD16™ monocytes in patients with a mild disease progression (blue),
healthy controls (gray), and hospitalized COVID-19 patients with a severe
disease progression (green). D) Heatmap showing the mean percentage of
CD86" and PD-L1" cells of DC and monocyte subpopulations in patients with
mild disease progression, healthy controls (H), and hospitalized COVID-19
patients with a severe disease (S), scaled for each row to the healthy control.
E) Percentages of PD-L1* and CD86" CD14°'CD16™ monocytes in mildly affected
patients (blue), healthy controls (gray), and severely affected, hospitalized
COVID-19 patients (green). Significant p values are shown as calculated in R
using the Kruskal-Wallis test and Dunn’s multiple testing and comparing with
healthy control. Significance is indicated by asterisks (*p < 0.05, **p > 0.01, ***p
> 0.001, ****p > 0.0001). F) Representative histograms of PD-L1 and CD86
expression in classical monocytes of a healthy donor and a COVID-19 patient
with mild symptoms at 11 and 38 days after symptom onset. Numbers indicate

mean fluorescence intensity (MFI) values.
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A) PCA analysis of all mild (time after symptom onset indicated by different blue and
orange colors), severe (dark green, median 5 days after diagnosis) and healthy donors
(grey). The parameters shown in the heatmap in B were used for the PCA. B, C) 20 patients
with mild disease which had been sampled on three consecutive time points were
selected. Longitudinal measurements were grouped into 3 timepoints, 0 to 15 days after
symptom onset, 16 to 30 days after symptom onset and over 30 days after symptom
onset. B) Heatmap showing k means clustering analysis of the differences between the
measurements from the early to the intermediate and to the late time point within the
same patients calculated by subtracting the values of the intermediate and late time point
from the values of the early time point. C) PCA analysis of scaled and centered data from
parameters shown in B without normalization to first timepoint. Distinction of k means
clusters by color (black: cluster 1, blue: cluster 2, yellow: cluster 3) and time after
symptom onset by symbol (round = > 30 days, triangle = 0 to 15 days, diamonds = 15 to 30
days). D) Percentage of Ki67*, CD86" and PD-L1* CD14'CD16 monocytes and cDC2 of
patients with mild COVID-19 as divided by cluster identity. Dotted line indicates healthy
controls. E) Clinical score and (F) age, percentage of lymphocytes of total PBMCs,
nasopharyngeal viral load as viral copies and serum concentrations of the indicated
soluble mediators (PD-L1, CXCL10, CXCL11, CCL2, CCL3, CCL17) of the patients in the 3
clusters at the earliest timepoint after symptom onset. Dotted line indicates healthy
controls. G) Spearman correlation of the serum concentration of PD-L1 with the
percentage of PD-L1* CD14* CD16™ monocytes and with viral copies; Measurements at the
earliest time points were used for the analysis. H) Spearman correlation analysis of the
outpatient cohort using the first measured timepoint after symptom onset (<7 days) of

CD86" CD14'CD16 monocytes with age. R values and p values indicated.
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Figure 4. Coordinated response of circulating DCs and monocytes to YF vaccination.

A) Design of the YF17D vaccination study. Blood was drawn on day 0 before and days 3, 7,
14 and 28 after vaccination with YF17D. B) Contour plot showing monocyte population

frequencies on d0, 3, 7 and 14 after vaccination in one representative donor. C)
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Percentage of nonDCs of HLA DR gate before and after vaccination with YF17D. D)
Changes of frequencies of pDCs and cDC2 of total DCs before and after vaccination with
YF17D (n=20). E) Heatmap showing Log2 fold changes of percentage of CD86" and PD-L1"
cells to day 0 control over time after vaccination. Orange color indicates increase, green
decrease of CD86" and PD-L1" cells compared to d0 percentages (n=9). F) Heatmap
showing percentages of Ki67" cells over time after vaccination (n=9). G) Histograms
showing representative expression of Ki67 in cDC2 and HLA DR T cells on day 7 after
vaccination, compared to the isotype control, H) Histograms showing representative
expression of CD86 and PD-L1 in ¢cDC2 before and after vaccination with YF17D scaled to
d0. Numbers indicate mean fluorescence intensity (MFI) values. I) Boxplots showing

percentage of CD86" and PD-L1" cells before and after vaccination in cDC2 (n=9).
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Graphical abstract_text
Comparison of mild COVID-19 and response to yellow fever vaccination

In contrast to the well-coordinated and transient activation of circulating DCs and monocytes after

yellow fever vaccination, COVID-19 outpatients show prolonged reduction of blood DC numbers and

a heterogeneous activation phenotype in DC and monocyte subsets with reduced expression of
costimulatory molecule CD86 in a subcluster of patients.
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