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Introduction

Since the first reports in December 2019, coronavirus disease
2019 (COVID-19), caused by the novel virus SARS-CoV-2, has
spread worldwide and caused enormous public health and eco-
nomic impacts (1, 2). Many patients remain asymptomatic or
have mild symptoms (3), although others, particularly those
with comorbidities, develop severe clinical diseases with atypi-
cal pneumonia and multiple system organ failure (4-6). To date,
there have been over 26 million reported cases and 870,000
COVID-19-related deaths (7), and with no imminent vaccine,
understanding of the immune pathology associated with patients
of various clinical outcomes is urgently needed.

Several early studies have shown that acutely infected individ-
uals develop lymphopenia (5, 8-11) and exhibit elevated expres-
sion of T cell activation markers (12-14). Additionally, several
groups have shown differential expression of T cell exhaustion
markers between severe and mild clinical cases (12, 13, 15). Stud-
ies have reported increased NKG2A levels in CD8* T cells and NK
cells that return to baseline in convalescence (13), and increased
monocyte frequencies in comparison to lymphocytes when using
single-cell RNA sequencing analysis (16); however, these studies
were limited in scope. Recent reports have described the presence
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SARS-CoV-2 causes a wide spectrum of clinical manifestations and significant mortality. Studies investigating underlying
immune characteristics are needed to understand disease pathogenesis and inform vaccine design. In this study, we examined
immune cell subsets in hospitalized and nonhospitalized individuals. In hospitalized patients, many adaptive and innate
immune cells were decreased in frequency compared with those of healthy and convalescent individuals, with the exception
of an increase in B lymphocytes. Our findings show increased frequencies of T cell activation markers (CD69, 0X40, HLA-DR,
and CD154) in hospitalized patients, with other T cell activation/exhaustion markers (PD-L1and TIGIT) remaining elevated

in hospitalized and nonhospitalized individuals. B cells had a similar pattern of activation/exhaustion, with increased
frequency of CD69 and CD95 during hospitalization followed by an increase in PD1 frequencies in nonhospitalized individuals.
Interestingly, many of these changes were found to increase over time in nonhospitalized longitudinal samples, suggesting

a prolonged period of immune dysregulation after SARS-CoV-2 infection. Changes in T cell activation/exhaustion in
nonhospitalized patients were found to positively correlate with age. Severely infected individuals had increased expression
of activation and exhaustion markers. These data suggest a prolonged period of immune dysregulation after SARS-CoV-2
infection, highlighting the need for additional studies investigating immune dysregulation in convalescent individuals.

of SARS-CoV-2-specific T cells in convalescent patients (17, 18),
emphasizing the value of studying immune subsets in convales-
cent individuals who have recently overcome infection in order to
better inform vaccine and therapeutic efforts.

Previous studies on SARS and Middle East respiratory syn-
drome (MERS) demonstrated increased immune system dysreg-
ulation with lymphopenia and inflammatory cytokine storm (19,
20). In patients infected by SARS-CoV, various studies investi-
gated the T cell and B cell subsets (21-23). Early investigations
in SARS-CoV-2 (24, 25) and more recent large cohort studies
have described immune perturbations in acutely infected hos-
pitalized individuals with severe infection (26, 27). In acute viral
infections such as influenza, several groups have shown evidence
of prolonged immune activation during the convalescent phase
that correlated with worse clinical outcomes (28-30). Antibody
responses in MERS were found to be undetectable in patients
who had mild illness after infection (31). These findings highlight
the need for studies investigating the immune systems of hospi-
talized and nonhospitalized individuals with SARS-CoV-2. Here,
we evaluated immune cell subsets of SARS-CoV-2-infected indi-
viduals and identified dysregulated immune cells in hospitalized
and nonhospitalized individuals over time.

Results

Differential immune cell subset frequencies in hospitalized and
nonhospitalized individuals. Others previously found that SARS-
CoV-2-infected individuals, especially those with severe infec-
tion, have pronounced lymphopenia compared with healthy and
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Table 1. Cohort demographics and clinical information

Hospitalized (n = 46)

Age 62 years (19-88) 42 years (22-86)
Sex
Female 26 (57%) 16 (41%)
Male 20 (43%) 23 (59%)
Not reported 0 (0%) 0 (0%)
Race
White 25 (54%) 33 (85%)
African American 17 (37%) 2 (5%)
Asian 2 (4%) 4 (10%)
Not reported 2 (4%) 0 (0%)
ICU status
Yes 28 (61%) 0 (0%)
No 18 (39%) 39 (100%)
Mortality due to COVID-19
Yes 6 (13%) 0 (0%)
No 40 (87%) 39 (100%)
Relevant comorbidities
Heart failure 2 (4%) 1(3%)
Other cardiac disease 15 (33%) 3(8%)
Asthma 6 (13%) 4 (10%)
COPD 1(2%) 1(3%)
Other pulmonary disease 7 (15%) 0 (0%)
Hypertension 34 (74%) 9(23%)
Diabetes 22 (48%) 1(3%)
QObesity 27 (59%) 8 (21%)
Days after symptom onset 13.5 days (4-43) 29 days (19-40)
WBC count* 7.51(2.79-23.15) NA

75.00% (34.00%-96.00%)
5.61(1.28-19.68)

Neutrophil %
Neutrophil count

Lymphocyte % 13.50% (1.00%-54.00%)
Lymphocyte count 113(0.10-3.28)
Monocyte % 8.00% (1.00%-16.00%)
Monocyte count 0.53 (0.03-2.36)

1.00% (0.00%-10.00%)
0.13 (0.00-0.75)

Eosinophil %
Eosinophil count

Values for age, days after symptom onset, and counts reported as median with range in parentheses.
ACounts reported as 10° cells/mL3; normal values: WBC count: 4.00-11.00; neutrophil %: 55-70; lymphocyte

%: 20-40; monocyte %: 2-8; eosinophil %: 1-6.

convalescent individuals (5, 8, 9). However, most of these studies
were done in hospitalized patients and only evaluated a few cell
types. Here, we obtained samples and clinical data from a cohort
of hospitalized COVID-19 patients (“hospitalized,” n = 46) and
a cohort of nonhospitalized individuals who had recovered from
confirmed COVID-19 infection (“nonhospitalized,” n = 39).
These groups were compared with healthy, COVID-19-negative
controls (“healthy,” n = 20). An overview of the cohort demo-
graphics is shown in Table 1. Importantly, most individuals in the
hospitalized group (n = 36) were viremic and hospitalized at the
time of sample collection; however, a minority (10 of 46) were
asymptomatic for at least 3 consecutive days and were at least 7
days past initial diagnosis at the time of initial sample collection
and therefore could be classified as convalescent, but were still
included in the hospitalized group because of disease severity. All
individuals in the nonhospitalized group were convalescent at the
time of sample collection. As shown in Table 1, there were differ-
ences between age, race, and comorbidities. Many of these differ-
ences reflect the nature of the COVID-19 pandemic, with more

Nonhospitalized (n = 39)

severe infection being associated with
older age, African American race, and
preexisting comorbidities.

As previously described (32), we
found that hospitalized individuals

Healthy (n = 20)
37 years (25-55)

8 (40%) in our study displayed normal WBC
9(45;%) counts but distinctly lower numbers
3 (15%) of lymphocytes (Table 1). To further
10 (50%) assessimmune cells that remain during
5 (25%) SARS-CoV-2 infection, we utilized
2 (10%) a general immunophenotyping flow
3 (15%) cytometry panel to evaluate the pro-
portion of specific immune cell subsets

m within the total CD45* cell population
in each individual (overview shown

NA in Figure 1A). Although there was a
NA decrease in the lymphocyte counts,
we observed no significant decrease in

NA proportion of CD4" T cells in the total
m CD45" population (Figure 1B). There
NA was an increase in CD8* T cell fre-
NA quencies in the nonhospitalized group
NA compared with the hospitalized group
NA (Figure 1C, P = 0.003). In contrast,
NA B cell frequencies were decreased in
:2 nonhospitalized individuals in com-

parison to the healthy and hospitalized
groups (Figure 1D, P = 0.002 and P <
0.001, respectively).

We investigated the innate immune
cell subsets including NK T cells, NK
cells, monocytes, and DCs, which have
been shown to play a protective role
during other acute viral infections,
including influenza A (33). Interest-
ingly, many of these subsets showed
decreased frequencies in hospitalized
patients and returned to baseline in
nonhospitalized individuals. There was a trend toward decreased
NK T cells in the hospitalized group compared with the healthy
and nonhospitalized groups (Figure 1E, P = 0.057 and P = 0.057,
respectively). Similarly, hospitalized individuals had decreased
double-positive CD56*CD16* NK cells (Figure 1F, compared with
healthy: P = 0.023 and compared with nonhospitalized: P = 0.011)
and CD56°CD16" NK cells (Figure 1G, compared with nonhospi-
talized: P = 0.009). There were decreased frequencies of CD14*
monocytes in hospitalized individuals compared with healthy and
nonhospitalized individuals (Figure 1H, P < 0.001 and P = 0.004,
respectively), with decreased frequencies in the CD16* monocyte
population of hospitalized over nonhospitalized individuals as well
(Figure 11, P = 0.013). In contrast, the amount of double-positive
CD16*CD14* monocytes increased in frequency in the nonhospi-
talized group above healthy controls (Figure 1], P = 0.033). DC fre-
quency decreased in the hospitalized and nonhospitalized samples
compared with the healthy sample (Figure 1K, P = 0.003 and P =
0.007, respectively). These data showed altered immune cell fre-
quencies in hospitalized individuals, and although some of these
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observed perturbances are missing in the nonhospitalized individ-
uals, decreased frequencies of double-positive monocytes and DCs
suggest a degree of sustained immune dysfunction in both groups of
SARS-CoV-2-infected individuals.

Immune dysregulation in hospitalized and nonhospitalized sam-
ples. Prior findings suggest that T cells upregulate activation and
exhaustion markers during acute COVID-19 infection, especially
in severe infection (12-15, 26, 27). Here, we examine T cell phe-
notypes in infection and convalescence, separating our cohort
based on severity of infection into individuals who were hospi-
talized and nonhospitalized. We measured surface-level expres-
sion of the activation markers CD69, 0X40, CD38, CD137, and
CD154. We also analyzed the T cell exhaustion markers TIG-
IT, PD-L1, PD1, and TIM3. Notably, PD1 and TIM3, although
often classified as exhaustion markers, have also been shown to
be activated during other acute infections (34, 35). Finally, we
stained for CD27 and CD28 because loss of these markers has
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Figure 1. Differential frequencies of immune cell subsets in hospital-
ized and nonhospitalized individuals. Staining of isolated PBMCs from
healthy (CoV-, n = 19), hospitalized (H, n = 41), and nonhospitalized (NH,
n = 39) samples, showing immune cell subsets as a frequency of the total
CD45* population. (A) Overview of all immune cell subsets, with a more
in-depth look at (B) CD4* and (C) CD8* T cells; (D) B cells; (E) NK T cells;
(F) CD56*CD16* and (G) CD56*CD16™ NK cells; (H) CD14+, (1) CD16*, and ())
CD14+CD16* monocytes; and (K) DCs. Boxplots indicate median, IQR, and
95% confidence interval. P values determined by Wilcoxon’s rank-sum
tests and are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001.

been found to represent a loss of differentiated memory T cells,
suggesting a more senescent phenotype (36).

In hospitalized individuals, we observed elevated frequencies
over healthy and nonhospitalized groups with respect to CD69
(Figure 2A, P < 0.001 and P < 0.001, respectively), 0X40 (Figure
2B, P < 0.001 and P < 0.001, respectively), and PD1 (Figure 2C,
P < 0.001 and P = 0.005, respectively). The markers HLA-DR,
CD154, and TIM3 were elevated in hospitalized over nonhospi-
talized individuals (Figure 2, D-F, P = 0.009, P = 0.028, and P =
0.047, respectively). Collectively, these observations identified
markers that were elevated during severe infection, but then
returned to baseline with resolution of symptoms or remained
normal in mild infection. Further, 2 exhaustion markers were
elevated in the hospitalized and nonhospitalized samples when
compared with the healthy samples: TIGIT (Figure 2G, P < 0.001
and P < 0.001, respectively) and PD-L1 (Figure 2H, P = 0.007
and P = 0.003, respectively). Meanwhile, the frequency of CD4*
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Figure 2. CD4* T cell activation and exhaustion in hospitalized and nonhospitalized individuals. Frequency of CD4* T cells expressing a given activation

or exhaustion marker. (A-F) Markers that were elevated in hospitalized patients and similar to baseline in nonhospitalized individuals. (G-1) Markers that
remained elevated in hospitalized and nonhospitalized individuals. Boxplots indicate median, IQR, and 95% confidence interval. P values determined by

Wilcoxon’s rank-sum test. *P < 0.05, **P < 0.01, ***P < 0.001. Healthy: CoV- (n_ = 20), hospitalized: H (n,= 46), nonhospitalized: NH (n,= 39).
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Figure 3. CD8" T cell activation and exhaustion in hospitalized and nonhospitalized individuals. Frequency of CD8* T cells expressing a given activation
or exhaustion marker. (A-G) Markers that were elevated in hospitalized over nonhospitalized individuals. Boxplots indicate median, IQR, and 95% confi-
dence interval. P values determined by Wilcoxon's rank-sum test. *P < 0.05, **P < 0.01, ***P < 0.001. Healthy: CoV- (nw’: 20), hospitalized: H (nH= 46),

nonhospitalized: NH (n, = 39).
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T cells expressing CD38 was significantly lower in hospitalized
patients in comparison to nonhospitalized patients (Figure 2I,
P=0.031). In summary, expression of some markers (CD69, 0X40,
PD1, HLA-DR, CD154, and TIM3) on CD4" T cells appeared ele-
vated in hospitalized SARS-CoV-2-infected individuals, whereas
they appeared to be similar to baseline in nonhospitalized indi-
viduals. Other activation and exhaustion markers such as TIGIT
and PD-L1 remained elevated during the convalescent stage after
infection.We next investigated the frequencies of T cell activation
and exhaustion markers in CD8* T cells (relative frequencies of
all markers shown in Supplemental Figure 1B). We found that
the activation markers CD69 and CD38 were significantly ele-
vated in hospitalized individuals in comparison with the healthy
group (Figure 3, A and B, P < 0.001 and P = 0.002, respectively)
and nonhospitalized group (Figure 3, A and B, P< 0.001 and P <
0.001, respectively). In addition, frequencies of 0X40, CD154,
and HLA-DR were all higher in hospitalized individuals than non-
hospitalized individuals (Figure 3, C-E, P = 0.033, P = 0.013, and
P=0.005, respectively). The exhaustion marker TIM3 was higher
in the hospitalized than the nonhospitalized group (Figure 3F, P =
0.004), and PD-L1 was higher in the hospitalized group over the
nonhospitalized and healthy groups (Figure 3G, P = 0.001 and P
<0.001, respectively). Overall, expression of these activation and
exhaustion markers indicated more severe immune dysregulation
of CD8* T cells in the hospitalized group.To help characterize the
Blymphocyte population in this cohort, we looked at the activation
markers CD69, CD95, and HLA-DR. Fc receptor-like 4 (FCRL4)
was also measured because it is upregulated on B cells of lymphoid
tissue, increased in the periphery during some chronic infections
and autoimmune diseases, and is associated with an exhausted B
cell phenotype (37-42). We also examined the frequencies of the
exhaustion marker PD1 and the memory marker CD27. A summa-
ry of B cell marker expression is shown in Supplemental Figure 1C.
Similar to observations in our CD4* and CD8* T cell subsets, we
found an increased frequency of the activation markers CD69 and
CD95 in hospitalized individuals over nonhospitalized individuals
(Figure 4, A and B, P= 0.039 and P = 0.034, respectively), whereas
CD69 was also elevated in the hospitalized and nonhospitalized
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Figure 4. B cell activation and exhaustion in hospitalized
P=0.051 and nonhospitalized individuals. Frequency of B cells
P expressing a given activation or exhaustion marker. (A and
B) CD95 and CD69 frequencies were elevated in hospital-
ized samples, while (C and D) HLA-DR and CD27 frequen-
- cies were elevated in nonhospitalized samples. (E) PD1
. frequencies remained elevated in nonhospitalized group.
Boxplots indicate median, IQR, and 95% confidence inter-
val. Pvalues determined by Wilcoxon’s rank-sum test. *P
< 0.05, **P < 0.01, ***P < 0.001. Healthy: CoV- (n_, = 20),
hospitalized: H (n,= 46), nonhospitalized: NH (n, = 39).

H NH

groups compared with healthy controls (Figure 4A, P < 0.001
and P < 0.001, respectively). B cell expression of CD95 was also
increased in hospitalized individuals over healthy controls (Fig-
ure 4B, P = 0.021). B cell expression of HLA-DR trended toward
a decrease in hospitalized individuals, and CD27 was significant-
ly increased in nonhospitalized individuals over healthy controls
(Figure 4, C and D, P=0.051 and P = 0.004, respectively). Finally,
the exhaustion marker PD1 was elevated in nonhospitalized indi-
viduals over hospitalized patients and healthy controls (Figure 4E,
P <0.026 and P < 0.016, respectively). These data indicate that B
cells were dysregulated in both hospitalized and nonhospitalized
COVID-19 patients, similar to what we have described for T cells.

Longitudinal analysis shows sustained immune dysregulation in
nonhospitalized convalescent individuals. We next performed lon-
gitudinal analyses comparing the expression of activation and
exhaustion markers over time. We did this in 2 ways: (a) observ-
ing changes in marker frequencies over time, defined as days after
symptom onset (median =29 days; range 19-40), utilizing all non-
hospitalized samples with a recorded date after symptom onset (n
=23); and (b) directly comparing the frequencies of these markers
between visit 1 and visit 2 for nonhospitalized patients with sam-
ples collected at 2 sequential time points (1 = 25).

Interestingly, when investigating changes in activation and
exhaustion markers, we observed that CD4* T cell expression of
HLA-DR increased over time in our nonhospitalized samples (Fig-
ure 5A, P=0.022 based on days after symptom onset and P=0.013
based on visit 1/visit 2). Similarly, OX40 and TIM3 frequencies
increased over time (Figure 5, B and C), with trending relationships
based on days-after-symptom-onset analyses (P = 0.056 and P =
0.055, respectively) and significant relationships based on visit 1/
visit 2 analyses (P = 0.001 and P = 0.031, respectively). We also
observed an increase in CD69 expression between visit 1 and visit
2 (Supplemental Figure 2A, P = 0.006), and an increase in CD137
based on days after symptom onset (Supplemental Figure 2B,
P = 0.027), although these markers were not significantly upreg-
ulated over both methods of analysis. In contrast, frequencies of
PD-L1 decreased based on days after symptom onset and between
visit 1 and visit 2 (Figure 5D, P= 0.028 and P = 0.016, respectively).
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Figure 5. CD4" T cell activation and exhaustion over time in nonhospitalized individuals. (A-C) HLA-DR, 0X40, and TIM3 frequencies increased over
time, while (D) PD-L1 frequency decreased over time in nonhospitalized patients. Plots on left show days after symptom onset versus frequency (n = 23,
P values determined by mixed-effects model and relationship represented by linear regression; blue: visit 1, orange: visit 2). Plots on right show paired
analysis of first versus second visits (n = 25, P values determined by paired Wilcoxon's signed-rank test). Dotted line shows median values of healthy
samples as baseline. Boxplots indicate median, IQR, and 95% confidence interval. *P < 0.05, ***P < 0.001.

Taken together, these data showed evidence that CD4* T cells in
nonhospitalized patients continued to express, and even upregu-
late, T cell activation and exhaustion markers.

When investigating CD8* T cell marker frequencies in non-
hospitalized individuals longitudinally, we observed a trend
toward increased expression of the activation marker HLA-DR
based on days-after-symptom-onset analysis and a significant
increase based upon visit 1/visit 2 analysis (Figure 6A; P = 0.052
and P = 0.031, respectively). Other activation markers also had an
increased frequency at the later time point, including CD69 and
CD154 (Supplemental Figure 2, C and D, P < 0.001 and P = 0.007
respectively). Additionally, we found that CD8 T cell expression
of exhaustion markers increased in nonhospitalized individuals
over time when looking at visit 1/visit 2 analyses for TIGIT and
PD-L1 (Figure 6, B and C, P=0.003 and P = 0.009, respectively),
as well as TIM3 (Supplemental Figure 2E, P = 0.036). Meanwhile,
days-after-symptom-onset analyses showed a significant increase
with TIGIT and a trending increase with PD-L1 (Figure 6, B and
C, P =0.006 and P = 0.051, respectively). We also observed sig-
nificantly decreased frequencies of CD27 and CD28 based on
days-after-symptom-onset and visit 1/visit 2 analyses, albeit with
low correlation coefficients (Figure 6, D and E, P = 0.039, P =
0.014, P = 0.035, and P = 0.009, respectively). In summary, we
showed that the frequency of several activation and exhaustion
markers in CD8* T cells may initially be lower in nonhospitalized
individuals in comparison to the hospitalized group; surprisingly,
many of these markers appeared to increase over time in the con-
valescent phase in these individuals.

Longitudinal investigation of nonhospitalized patients did not
identify B cell markers that significantly differed by both methods
of analysis (days after symptom onset and visit 1 versus visit 2 com-
parison). However, B cells did express higher frequencies of FCRL4
and CD95 based on days after symptom onset, and HLA-DR fre-
quencies increased at the visit 2 time point (Supplemental Figure

3, A-C, P = 0.010, P = 0.023, P = 0.045, respectively). Meanwhile,
CD27 frequency decreased over days after symptom onset, with
decreased PD1 frequencies in the visit 2 group (Supplemental Fig-
ure 3,Dand E, P<0.001 and P=0.005, respectively). Overall, these
data begin to suggest that the B cell population remained activated
in nonhospitalized patients well into the convalescent period.

Age affects T cell activation and exhaustion markers in hospitalized
and nonhospitalized individuals. Since older patients with SARS-
CoV-2 have higher morbidity and mortality rates (10), we investi-
gated differences related to age in each of our groups. By analyzing
samples at the visit 1 time point in the hospitalized group, we found a
positive correlation between age and CD8* T cell expression of CD69
(Supplemental Figure 4A, P=0.009), as well as a negative correlation
between age and CD8 expression of CD27 and CD28 (Supplemental
Figure 4, Band C, P=0.010 and P=0.003, respectively). We observed
a positive correlation between age and frequencies of CD69, CD95,
and FCRL4 within the B cell population of our hospitalized individu-
als (Supplemental Figure 4, D-F; P=0.024, P= 0.024, and P=0.014,
respectively). Analysis of CD4" T cells and age in hospitalized individ-
uals had no significant findings. We observed no differences between
age and marker frequencies in healthy controls across all subsets.

We next investigated any correlations of age and frequency of
activation and exhaustion markers in the nonhospitalized group. Our
group and others have reported that elderly individuals form subop-
timal immune responses after vaccination and infection (43). In this
study, within the CD4* T cell compartment, we observed increased
frequencies of PD1, TIGIT, and HLA-DR that correlated positively
with age (Figure 7, A-C, P= 0.002, P = 0.032, and P = 0.022, respec-
tively). We also observed a loss of CD28 expression in elderly indi-
viduals (Figure 7D, P = 0.027). Similarly, in our CD8" T cells, there
were increased PD1, HLA-DR, and TIGIT frequencies that correlat-
ed positively with age (Figure 7, E-G, P < 0.001, P = 0.007, and P =
0.008, respectively), whereas expression of CD27 and CD28 had a
negative correlation with age (Figure 7, H and I, P < 0.001 and P =
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0.010, respectively). Finally, there was a decrease in CD27* B cells
with age (data not shown, P=0.007). Of note, T cell and B cell expres-
sion of CD27 and CD28 have been shown to decline in the elderly by
several groups (44). Although more in-depth studies investigating T
cell function with age in SARS-CoV-2-infected individuals are nec-
essary, these data showed that T cell immune dysregulation after
SARS-CoV-2 infection was more pronounced in older nonhospital-
ized patients, suggesting that older individuals may have an impaired
ability to form SARS-CoV-2-specific memory responses.
Hospitalized ICU patients have increased T cell and B cell dysreg-
ulation. Finally, we evaluated whether severity of illness affected
expression of activation and exhaustion markers within our hospi-
talized group because several other reports have found increased
expression of activation/exhaustion markers in severe infection
(12-15, 26, 27). We stratified samples from our hospitalized group
into 2 groups: ICU (n = 26) and non-ICU patients (n = 10). (Note:
10 samples from the hospitalized group were collected in the con-
valescent period and thus were excluded in this analysis.) Our
analysis found that ICU patients had increased CD69 expression
on CD4" T cells (Figure 8A, P = 0.004), and CD38 frequencies
were elevated in CD4* and CD8" T cells (Figure 8B And 8C, P =
0.049 and P = 0.025, respectively), similar to recent results (12-15,
26, 27). In addition, the exhaustion marker PD-L1 was found to
be elevated in ICU patients (Figure 8D, P = 0.018). Interestingly,
the marker CD137 was found to be decreased in frequency in ICU
patients (Figure 8E, P = 0.002). Of note, CD137 has been found
to play an important role in acute infection within mice (45). B
cells from ICU patients had a trending increase in CD95 frequen-
cies and a significant increase in CD27 frequencies, while having
decreased expression of HLA-DR (Figure 8, F-H, P = 0.055, P =
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Figure 6. CD8* T cell activation and exhaustion over time in nonhospitalized
individuals. (A-C) Expression of HLA-DR, TIGIT, and PD-L1 increased over
time in nonhospitalized individuals, while (D-E) CD27 and CD28 frequencies
decreased over time. Plots on left show days after symptom onset versus
frequency (n = 23, P values determined by mixed-effects model, relationship
represented by linear regression; blue: visit 1, orange: visit 2). Plots on right
show paired analysis of first versus second convalescent visits (n = 25, P values
determined by paired Wilcoxon's signed-rank test). Dotted line shows median
values of healthy samples as baseline. Boxplots indicate median, IQR, and
95% confidence interval. *P < 0.05, **P < 0.01.

0.029, and P = 0.045, respectively). In summary, these findings
better define the dysfunctional immune response observed in
severe SARS-CoV-2 infection.

Discussion

Here we provide a comprehensive look at immune cell subsets
during and after COVID-19 infection of hospitalized and nonhos-
pitalized individuals. We found dysregulation of several immune
cell types in hospitalized patients, whereas most had returned
to baseline in nonhospitalized individuals. We also provide an
in-depth characterization of the activation and exhaustion pheno-
type of CD4* T cells, CD8* T cells, and B cells. While we observed
activation marker upregulation in hospitalized patients, we
also found that several activation and exhaustion markers were
expressed at higher frequencies in nonhospitalized convalescent
samples. When investigating these markers, we observed several
positive relationships over time, indicating that immune dysreg-
ulation in these individuals did not resolve quickly. We also found
that the dysregulation of T cell activation and exhaustion mark-
ers in nonhospitalized individuals appeared more pronounced in
the elderly. To our knowledge, this is the first description of sus-
tained immune dysregulation due to COVID-19 in a large group
of nonhospitalized convalescent patients.

A recent study classified immune subsets in SARS-CoV-2 infec-
tion and reported increased frequencies of the classical CD14* mono-
cyte population in a small cohort of COVID-19-recovered patients
(16), and a new report found increased frequencies of “non-T/non-B”
cells in patients with COVID-19 (26). Our results found decreased
frequencies within monocytes, NK cells, and DCs in hospitalized
patients with COVID-19, that then returned to baseline in our non-
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Figure 7. Correlations between T cell marker fre-
quencies and age in nonhospitalized individuals.
(A-C) PD1, TIGIT, and HLA-DR frequencies on CD4* T
cells (gray dots) increased with age. (D) CD28 frequen-
cies on CD4* T cells decreased with age. (E-G) PD1,
HLA-DR, and TIGIT frequencies on CD8* T (red dots)
cells increased with age. (H-1) CD27 and CD28 on CD8*
T cells decreased with age. P and r values determined

by Spearman’s rank correlation test. *P < 0.05, **P <
0.01, ***P < 0.001; n = 39.

coronaviruses, including SARS and MERS, in
a mouse model (51). Here, we observed the
sustained expression of T cell activation and

exhaustion markers in nonhospitalized, conva-
lescent individuals with SARS-CoV-2, as well as
decreased frequencies of CD27- and CD28-ex-
pressing CD8* T cells. These findings may rep-
resent an impaired ability to form memory T
cells. This is supported by prior observations
concerning IL-10 production in SARS and
SARS-CoV-2. A prior study found that IL-10

production by regulatory CD4* T cells was nec-
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hospitalized individuals. Taken together, these findings may suggest
an influx of immature nonclassical immune cells during infection
that needs to be investigated further. Increased percentages of inter-
mediate CD14*CD16* monocytes in severe SARS-CoV-2 infections
have been previously described (46). We found a trend (P = 0.104)
toward increased double-positive monocytes in our hospitalized
group, and also demonstrated that this monocyte population was
elevated in nonhospitalized individuals. The intermediate monocyte
population was recently shown to be functionally heterogenous (47),
emphasizing the need for more investigation into this subset. Finally,
we showed that the frequency of DCs was decreased in hospitalized
and nonhospitalized patients. Taken together, these data suggest a
prolonged impact of SARS-CoV-2 on the innate immune system in
hospitalized and nonhospitalized individuals.

Our investigation into the CD4* and CD8" T cell compartments
clearly showed sustained activation (based on HLA-DR, CD69,
and OX40 expression) and exhaustion (based on PD-L1 and TIGIT
expression) in both T cell subsets. Given that PD1 and TIM3 can be
upregulated on both activated and exhausted T cells (34, 35), their
role after COVID-19 infection remains unclear. Regulatory T cells
have previously been shown to upregulate OX40 and HLA-DR (48,
49). The sustained increase in OX40 and HLA-DR in hospitalized
and nonhospitalized individuals could represent a regulatory T cell
population, further emphasizing the need for further classification
and functional assessment of these subsets. The loss of CD27 and
CD28 may suggest increased T cell senescence, which is of partic-
ular relevance to understanding formation of memory responses.

CD4*"and CD8* memory T cells are typically generated after the
initial activation and expansion stage that occurs in acute infection
(50). As previously demonstrated, establishment of airway memo-
ry CD4* T cells mediated protective immunity against respiratory

essary for memory CD8" T cell development in
mice (52). In patients with SARS, there was an
increase in IL-10 production during the conva-
lescent phase of infection (53); however, a recent report on SARS-
CoV-2-infected individuals found that serum levels of IL-10 were
highest during acute infection and decreased in convalescence (15).
Overall, these findings provide a possible etiology for how the sus-
tained immune dysfunction observed during convalescence could
impair the formation of long-term memory T cells, emphasizing
the need to explore memory and regulatory T cell development and
function in SARS-CoV-2-infected individuals.

There was substantial B cell activation demonstrated by increased
frequencies of CD95*, CD69*, and PD1* B cells in our hospitalized
group. This may reflect both the presence of SARS-CoV-2-specific B
cells responding to antigen and/or bystander B cell activation. B cell
markers were found to generally return to levels similar to healthy
controls, although the sustained presence of FCRL4*and PD1" B cells
suggests persistence of some degree of B cell dysregulation. How this
dysregulation relates to SARS-CoV-2 antibody responses is unknown.

The finding of more pronounced T cell activation/exhaustion
in elderly nonhospitalized individuals with SARS-CoV-2 has many
potential implications. In acute disease, these findings suggest this
group may be at heightened risk for inflammation-mediated pathol-
ogy. This immune dysfunction may also lead to suboptimal SARS-
CoV-2-specific memory responses and increased susceptibility to
reinfection. Additional longitudinal studies are needed to better
understand the impact of T cell activation on long-term immunity.

We extended our analysis to separate hospitalized patients who
did or did not require intensive care. This revealed several differenc-
es in surface markers on T and B cell populations. Not surprisingly,
activation markers were more frequently observed in severely infect-
ed individuals, in support of recent observations on the expression of
HLA-DR and CD38 (26, 27). Interestingly, we observed that non-ICU
patients had increased expression of CD137. Prior studies observed

J Clin Invest. 2021;131(1):e140491 https://doi.org/10.1172/)C1140491



The Journal of Clinical Investigation

RESEARCH ARTICLE

A B C D
.y _ = 60 -
g 15 2 g g 40
8 8 40 " o S0 O
b - ) = . 2
S 10 k ) ; 2 4 3 .
> Z 30 " ) o
5 5 N 3 30 . S § 20
3 P = —s— B “e 3
g o0s " g2 ‘i ny 22 g 4 .
> N 1 o s o, @ . r - ol
o $ -3 @ 10 . . & 10 ﬁ - P
8 0.0 ’ 8 . (&) N 2 gl —m= -

No ICU IcuU No ICU Icu No ICU ICU No ICU IcU
E F G H

— — oy *

2% - z Z 80 S L
ol 2 3 @ .7
O 04 o 30 o . 5 19 :
- *k = P=0.055 s 60 = . .
z 03 z I = g _—
c 20 ) 1 & .
g ] 5 40 3 50 A
g 02 3 . . g . 3 g .
2 . g 10 . } g =% 2
= = o E 1 o
> | B § | = 50 52 R
2 0.0 9 5 T - =] 3 . 3 .
[&] [&] o I

No ICU IcCuU No ICU ICU No ICU ICU No ICU ICU

Figure 8. Activation and exhaustion markers in viremic hospitalized ICU patients. Frequencies of CD4* T cells, CD8* T cells, and B cells expressing given activation
or exhaustion markers in ICU patients. (A and B) Expression of CD69 and CD38 was elevated in CD4* T cells. (C and D) Expression of CD38 and PDL1was elevated in
CD8* T cells, while (E) expression of CD137 was decreased. (F and G) CD95 and CD27 expression was increased in B cells, while (H) HLA-DR expression was decreased.

Boxplots indicate median, IQR, and 95% confidence interval. P values determined by Wilcoxon's rank-sum test. *P < 0.05, **P < 0.01.n

that CD137 can augment immune responses in acute viral infections,
and that blocking CD137 with anti-CD137 antibodies led to increased
lymphocytic choriomeningitis virus infection in a mouse model
(45). Our findings suggest that CD137 expression may be associated
with COVID-19 outcomes. Finally, we found that severely infected
COVID-19 patients had increased B cell expression of CD95 and
CD27 and decreased expression of HLA-DR. These findings need to
be investigated further to explore possible therapeutic interventions.

The prolonged activation we observed, particularly of T cells
and monocytes, may be due to the persistence of antigen, either
viral RNA and/or protein, despite resolution of symptoms. Sup-
port for this observation can be found in studies that identified the
persistence of viral RNA in patients with SARS-CoV-2 during the
convalescent period (54, 55). Antigen-presenting cells that pres-
ent viral RNA can cross-prime and activate CD8" T cells through a
TLR3 mechanism (56), which could be similar to what is occurring
in SARS-CoV-2-infected individuals. These data open the door to
many interesting mechanistic studies to determine what factors are
causing and prolonging immune cell activation.

Our current study has a few limitations. For one, our immuno-
phenotyping panel prioritized the identification of some subsets such
as lymphocytes and monocytes over others, primarily DCs. Although
a marker for CD11c would have increased our ability to identify this
population, we believe our gating strategy (CD3-CD19-CD14 CD56"
CD16 ' HLADRY) still identified a relatively pure population of DCs.
Additionally, we acknowledge that there were substantial differences
in age, race, and sex among our hospitalized, nonhospitalized, and
healthy groups, as summarized in Table 1. These differences reflect
the nature of the COVID-19 pandemic, with numerous sources
reporting increased hospitalizations and more severe clinical symp-
toms in elderly and African American populations. We have con-
trolled for this by performing general linear models comparing hospi-
talized, nonhospitalized, and healthy groups in pairwise models that
have each been adjusted for participant age, race, and sex. Results are
summarized in Supplemental Tables 1-3. This analysis showed that a
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majority of the significant relationships as determined by Wilcoxon’s
analysis remained significant after adjusting for age, race, and sex.
In the remaining relationships that were not significant by hospital-
ization status, there were also no significant findings to support that
these relationships were driven by age, race, or sex. One exception
to this was the finding that the decrease in CD16* monocytes in our
hospitalized group appeared to be driven by sex (Supplemental Table
1). In addition, our hospitalized group had an increased frequency of
existing comorbidities (shown in Table 1). This was expected since
many of these risk factors have been found to correlate with wors-
ening clinical outcomes in COVID-19 infection. Our study provides
important insights into acute and subacute COVID-19 immune
responses, but leaves questions unanswered in relation to comorbid-
ities and their impact on immunophenotyping. Future studies using
larger cohorts should directly examine the potential impact of these
comorbidities on immune cell dysregulation in COVID-19 infection.

In conclusion, this study provides broad insight into the regu-
lation of several immune cell subsets and identified immune cell
dysregulation in both hospitalized and nonhospitalized SARS-
CoV-2-infected individuals. How long T cell and B cell dysreg-
ulation persists after COVID-19 infection and whether this may
alter immune responsiveness to subsequent infectious insults are
not yet clear. Similarly, sustained B cell and T cell activation may
have consequences for the development or exacerbation of other
inflammatory diseases. These results highlight the need for addi-
tional studies in patients with COVID-19 to further define the
immune landscape in these individuals.

Methods

Sample collection. Peripheral blood samples were collected from hospi-
talized (n = 46) and nonhospitalized (n = 39) patients at the University
of Alabama at Birmingham. Samples were also collected from 25 non-
hospitalized samples at a second time point. Convalescent status was
defined based on patients being asymptomatic for at least 3 consecu-
tive days and being at least 7 days past initial diagnosis. Patient clinical
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data for hospitalized patients was collected from the electronic med-
ical record; self-reported clinical data was collected for convalescent
samples by questionnaire at the time of sample collection and upload-
ed to REDCap (57). All data and samples were collected in accordance
with the University of Alabama at Birmingham’s IRB. All patients had
a confirmed positive test for SARS-CoV-2 unless otherwise stated. A
summary of patient demographic and clinical status data is shown
in Table 1. PBMCs from patient blood samples were harvested using
density gradient centrifugation. Additionally, our cohort of healthy
(CoV-) individuals was composed of 20 total samples. Of these, frozen
PBMCs (n = 17) from before 2019 were used primarily to ensure the
absence of asymptomatic SARS-CoV-2 infections; additionally, fresh
samples were collected from 3 asymptomatic seronegative individ-
uals, and analysis from each of these samples showed no significant
differences between fresh and frozen samples within that individual.

Flow cytometric analyses. Isolated PBMCs were stained using 1
of 4 phenotyping panels (Supplemental Table 4). Immune cell sub-
sets were identified with the following immunophenotyping panel:
CD16-FITC, CD14-A700, CD45-Pecy7, CD19-Percpcy5.5, CD27-PE-
Alexa610, CD56-BV421, CD3-A780, CD8-V500, CD4-BV785, and
HLADR-PE. T cells were further characterized using 2 additional
panels: (a) CD8-V500, CD3-BV711, CD4-BV786, CD38-BUV737,
CD28-APC;and (b) TIGIT-PerCpCy5.5, PDL1-PE, CD4-PEAlexa610,
0X40-Pecy7, TIM3-BV421, CD8-V500, CD137-BV650, PD1-BV785,
CD14-BUV563, CD19-BUV563, CD154-APC, CD3-A780. B cell
phenotype was assessed using the following panel: CD4-BB790,
CD19-AF700, FCRL4-BV480, CD27-BV650, CD69-BUV395, CD8-
BUV496, PD1-BUV563, HLA-DR-BUV661, CD95-BUV737. All panels
utilized LIVE/DEAD Blue Stain (Life Technologies, Thermo Fisher
Scientific) to identify dead cells. After staining, samples were fixed
using a 1% formalin solution. Events were collected using a FACS
Symphony A3 (BD Biosciences) flow cytometer and analyzed using
FlowJo (version 10, Tree Star Inc.) software. Representative gating
strategies can be seen in Supplemental Figures 5-8.

Statistics. All statistical analysis and figure generation was per-
formed using R. Significance between groups was performed using
Wilcoxon’s rank-sum test (unpaired) or Wilcoxon’s signed-rank test
(paired). Significance between 2 continuous variables was calculat-
ed by using a Spearman’s correlation test or a mixed-effects model
in order to account for convalescent individuals with multiple time
points. Additionally, linear modeling was used to verify that signif-
icant relationships between different hospitalization groups were
not driven by differences in age, race, or sex. P values of less than
0.05 were considered significant.
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