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Abstract

Introduction: Developing prognostic markers can be useful for clinical decision-
making. Peripheral blood (PB) examination is simple and basic that can be performed
in any facility. We aimed to investigate whether PB examination can predict progno-
sis in coronavirus disease (COVID-19).

Methods: Complete blood count (CBC) and PB cell morphology were examined in
38 healthy controls (HCs) and 40 patients with COVID-19. Patients with COVID-19,
including 26 mild and 14 severe cases, were hospitalized in Juntendo University
Hospital (Tokyo, Japan) between April 1 and August 6, 2020. PB examinations were
performed using Sysmex XN-3000 automated hematology analyzer and Sysmex DI-
60 employing the convolutional neural network-based automatic image-recognition
system.

Results: Compared with mild cases, severe cases showed a significantly higher in-
cidence of anemia, lymphopenia, and leukocytosis (P < .001). Granular lymphocyte
counts were normal or higher in mild cases and persistently decreased in fatal cases.
Temporary increase in granular lymphocytes was associated with survival of patients
with severe infection. Red cell distribution width was significantly higher in severe
cases than in mild cases (P < .001). Neutrophil dysplasia was consistently observed
in COVID-19 cases, but not in HCs. Levels of giant neutrophils and toxic granulation/
Déhle bodies were increased in severe cases.

Conclusion: Basic PB examination can be useful to predict the prognosis of COVID-19,
by detecting SARS-CoV-2 infection-induced multi-lineage changes in blood cell
counts and morphological anomalies. These changes were dynamically correlated
with disease severity and may be associated with disruption of hematopoiesis and
the immunological system due to bone marrow stress in severe infection.
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1 | INTRODUCTION

Laboratory Hematology

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infects various cells, including alveolar macrophages, via
angiotensin-converting enzyme 2 (ACE2) receptors, activating
monocytes and macrophages, and resulting in a cytokine storm,
including chemokine ligand 7 (CCL7).! Although most patients
with coronavirus disease (COVID-19) have mild symptoms, up to
15% of patients develop severe pneumonia and approximately 5%
of patients develop acute respiratory distress syndrome and/or
multiple organ failure.? Despite the fact that there are no proven
remedies, except for supportive treatment, developing prognos-
tic markers can be useful for clinical decision-making, such as the
timing of intubation and the introduction of extracorporeal mem-
brane oxygenation.

Over recent months, hundreds of clinicians and research-
ers have reported various prognostic markers for SARS-CoV-2,
such as leukocytosis and C-reactive protein (CRP),® serum pro-

inflammatory cytokines,*®

and blood urea nitrogen combined
with D-dimer.® Furthermore, abnormal hematological findings,
such as lymphopenia, monocytosis, and thrombocytopenia,
besides leukocytosis, have been described.” In addition, mor-
phological examinations have revealed reactive lymphocytes,
overreacted T cells,® acquired Pelger-Huét anomaly (APHA),
leukoerythroblastosis, and abnormal platelets in patients with
COVID-19.2%% However, these markers were mostly reported as
case series.

To investigate whether peripheral blood (PB) examination can
be used as a prognostic marker in COVID-19, we compared com-
plete blood count (CBC) and PB cell morphology using convolu-
tional neural network (CNN)-based image diagnostic systems®’
between patients with mild-to-severe COVID-19 and healthy con-
trols. We also examined changes in PB cell morphology during the

clinical course of the disease.

2 | MATERIALS AND METHODS
2.1 | Patient cohorts

Forty patients with confirmed COVID-19 hospitalized in our insti-
tution between April 1 and August 6, 2020, were enrolled in this
study. COVID-19 was diagnosed using PCR-based nasopharyngeal
swab testing with the LightMix Modular SARS-CoV-2 (COVID-19)
N-gene and E-gene assay (Roche Diagnostics, Tokyo, Japan) or the
2019 Novel Coronavirus Detection Kit (Shimadzu). Patients with
COVID-19 were classified into “mild” or “severe” subgroups ac-
cording to the WHO Guideline (Clinical management of COVID-19:
https://www.who.int/publications/i/item/clinical-management
-of-covid-19). Severe cases were defined as having any of the fol-
lowing features: (i) respiratory rate 230 breaths/minutes, (ii) oxygen
saturation <93% at rest; (iii) ratio of arterial oxygen partial pressure

to fractional inspired oxygen (PaO,/FiO,) <300; and (iv) pulmonary

imaging showing that lesions increased >50% within 24-48 hours.
Cases that did not meet the criteria for a “severe” case were classi-
fied as “mild.” Thirty-eight age-matched healthy subjects who un-
dertook regular checks in our hospital between February 2017 and
December 2018 were enrolled as controls.

The research related to human use has complied with all rel-
evant national regulations, institutional policies, is in accordance
with the tenets of the Helsinki Declaration, and was approved by
the institutional review board (IRB) at our institute (IRB #20-036).
Informed consent from individual participants was waived be-
cause all samples were de-identified in line with the Declaration
of Helsinki.

2.2 | Blood cell counts and morphological
differential

One hundred and ninety-four PB samples, containing the potas-
sium salt of ethylenediaminetetraacetic acid (K,-EDTA), as an an-
ticoagulant, were obtained from 40 patients for diagnostic and/
or follow-up evaluation. CBCs were determined using Sysmex
XN-3000 and XE-5000 automated hematology analyzer (Sysmex;
Kobe, Hyogo). PB smear slides were prepared with May Grunwald-
Giemsa stain using the Sysmex SP-10 autostainer. Preparation of
blood smears was performed within two hours after collecting the
blood samples. Morphological examination was performed utiliz-
ing digital blood cell images collected by a Sysmex DI-60, which
were subsequently automatically analyzed by the recently devel-
oped CNN-based image-recognition system that we have previ-
ously reported.11 Briefly, the deep learning system powered by
CNNs, which has been trained using 700 000 cell images collected
using the DI-60, automatically classifies cells into 17 subtypes and
detects 97 abnormal morphological features.!! It also records the
differential counts and rates of morphological abnormalities in
WBCs and PLTs. Two hundred cell images per slide were collected
using the DI-60 for the CNN-based automatic image analysis. The
accuracy of the CNN-based image-recognition system was as-
sessed by determining the concordance and reclassification rate
between the pre- and reclassified results for each cell subtype.
To detect morphological abnormalities in RBCs, 1500-2000 cells
were counted per slide. Advanced RBC software (CellaVision, Inc,
Sweden) was utilized for quantitative analysis of erythrocyte mor-
phological abnormalities.

Two laboratory technologists, board-certified in hematology,
reviewed all images separately and accepted or reclassified the
preclassification provided by the CNN-based analysis. In cases
of disagreement, one senior hematopathologist re-verified the
images and a decision was made by consensus. Standardized
nomenclature and scoring of cellular features were applied ac-
cording to the recommendations of the International Council for
Standardization in Haematology (ICSH).X? The definitions of the
representative morphologically abnormal cell subtypes are shown
in Table S2.
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2.3 | Statistical analysis

We used the Wilcoxon rank sum test to evaluate the significance
of differences in blood test results and morphological abnormali-
ties between patients and HCs and among patients with different
disease severity (mild vs severe). Data were analyzed using JMP15
software (SAS Institute, Inc,), and P values <.05 were considered

Laboratory Hematology

was no significant difference in the absolute count of platelets (PLT)
and reactive lymphocyte% between the two groups.

Among patients with COVID-19, the severe group exhibited sig-
nificantly higher WBC, neutrophil count, NLR, immature granulo-
cyte %, RDW-SD, and CRP levels. Furthermore, lymphocyte count,
reactive lymphocyte%, Hb, and PLT levels were significantly lower in
the severe group than in the mild group (P < .0001).

significant. We next investigated morphological changes in the PB of
patients with COVID-19 compared these with changes in HCs.
Figure 1A shows dot plots of morphological changes in each group
3 | RESULTS (please see Table S2 for the definitions): neutrophils: APHA (A),

3.1 | Peripheral blood cell quantity and
morphological alterations

Table 1 shows the baseline characteristics of 40 patients with
COVID-19 and 38 healthy controls (HCs). The 14 patients with
severe disease were older than the 26 patients with mild disease
(P =.0016), and most patients with COVID-19 were male (P =.0194),
which was consistent with previous reports.’® All patients under-
went multiple blood examinations on and after admission. Based on
the patients’ clinical condition upon collection of the blood speci-
mens, a total of 194 samples were divided into two groups and ana-
lyzed: 101 samples from patients in mild-moderate conditions (mild)
and 93 from patients in a severe and critical condition (severe). Three
patients received treatments (two mild cases and one severe case)
including ciclesonide, favipiravir, and/or steroids (Table 2). Thirty-
seven patients were not taking any medications to treat COVID-19
on admission.

Table 3 summarizes the laboratory data. Compared with HCs,
patients with COVID-19 had significantly higher white blood cell
(WBC) count (P = .0091), absolute neutrophil count (P = .0004),
neutrophil-lymphocyte ratio (NLR) (P < .0001), and RBC distribu-
tion width-standard deviation (RDW-SD) (P = .0071). Moreover, the
COVID-19 group had significantly lower absolute lymphocyte count
and hemoglobin (Hb) levels than the HC group (P < .0001). There

chromatin abnormality (B), degranulation/hypogranulation (C), giant
neutrophils (D), toxic changes (E), Dohle bodies (F), and vacuoles (G);
lymphocytes: nucleus atypia (H), granular lymphocytes (l), reactive
lymphocytes (J), and vacuoles (K); and red blood cells (RBCs): poly-
chromatic RBCs (L), hypochromic RBCs (M), schistocytes (N), and
giant platelets (O). Figure 1B shows pictures of blood cells detected
by Sysmex DI-60. The concordance and reclassification rates of the
CNN-based automatic image recognition of each abnormal cell sub-
type are shown in Table S1.

PB smears revealed neutrophil dysplasia, including increased
APHA and monolobated neutrophils %, degranulation/hypogranu-
lation %, and chromatin abnormality % in both mild and severe cases
compared with HCs (P < .05). However, no significant differences in
these dysplastic anomalies were observed between mild and severe
cases of COVID-19. Neutrophil dysplasia, including APHA, chroma-
tin abnormality, and degranulation, was observed in 71% of severe
patients and 54% of mild patients.

The toxic changes %, Dohle body %, vacuoles %, and giant
neutrophils % were significantly higher in patients with COVID-19
than in HCs, with higher percentages in the severe group than in
the mild group (P < .01). These changes may reflect the fact that
severe infections with SARS-CoV-2 induce the systemic inflam-
matory response and were observed in 57% of severe patients
and 15% of mild patients. Vacuoles of neutrophils were observed
in 95% of all patients.

TABLE 1 Baseline characteristics of the patients with COVID-19 and healthy controls

Patients with COVID-19

Healthy Controls  Patients with Mild Severe
(n=238) COVID-19 P value* (n=26) (n=14) P value**
age, years 63 (55-70) 61 (46-67) 4870 50.5 (37-64) 71.5 (63-80) .0016
sex .0194 4457
men 18 (47.4%) 30 (75.0%) 18 (69.2%) 12 (85.7%)
women 20 (52.6%) 10 (25.0%) 8(30.8%) 2 (14.3%)
Time from onset to admission, days 9 (6-11) 7.5 (6-15) 10 (7-14)
observation period, days 1 7 (3-14) NA 3.5(1-14) 9.5 (5-34) .0411
number of collected parameters per case 1 3(2-4) NA 2.5(1-3) 4 (3-15) .0076

Note: Data are presented as median (IQR).
*P values comparing healthy controls and patients with COVID-19.
**P values comparing mild cases and severe cases.
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TABLE 2 Clinical characteristics of patients with COVID-19

Disease

Pt No. severity*

1 critical

2 severe
severe

4 severe

5 severe
severe

7 severe
severe

9 critical

10 critical

11 critical

12 severe

13 severe

14 severe

15 moderate

16 mild

17 mild

18 mild

19 moderate

20 moderate

21 moderate

22 moderate

23 moderate

24 moderate

25 moderate

26 mild

27 moderate

28 mild

29 moderate

30 moderate

31 mild

32 moderate

33 mild

34 moderate

Outcome

cure/discharge

cure/discharge

cure/discharge

cure/discharge

cure/discharge

cure/discharge
cure/discharge

cure/discharge

dead

dead

dead

dead

cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge
cure/discharge

cure/discharge

cure/discharge
cure/discharge

cure/discharge

cure/discharge

cure/discharge

Sex

M

M

LT X TZITmTMTITTMIITTMITIII T T XTXIX

< Z

Past medical history

HT, DM, Pancreatic cancer,
Hepatic metastasis

IGT, Alcoholic liver disease,
Cholelithiasis

HT

DM, RA, Dementia, Parkinson
disease, Pneumonia

None

Parkinson disease
HT

Stiff-person syndrome, DM, HL,
Coronary vasospasm

HL, Breast cancer

HT, DM, Prostate cancer

HT, RF

CRF, HT, Hepatic cancer

None

HT,DM, Cardiovascular disease
HT

Lymphoma

None

None

Sarcoidosis

None

None

None

DM

HT

HT, Cardiovascular disease
None

Pancreatic cancer

Hepatic cancer

None

None
None

HT, RF

None

None

Ventilation,
0,

Ventilation

Ventilation

Ventilation

O,

N/A
N/A
N/A

N/A
N/A

Therapy

Favipiravir

Ciclesonide, Favipiravir

Ciclesonide, Favipiravir

None

Ciclesonide, Favipiravir,
Steroid

Heparin
Heparin

Ciclesonide, Favipiravir,
Steroid

CHDF, Plasmapheresis,
FFP, Ciclesonide,
Favipiravir

CHDF, Plasmapheresis,
Ciclesonide, Favipiravir

CHDF, Plasmapheresis,
Favipiravir, Nafamostat

Plasmapheresis,
Ciclesonide, Favipiravir,
Remdesivir, Steroid,
Heparin

Ciclesonide

Favipiravir

Ciclesonide
Ciclesonide, Favipiravir
None

None

Ciclesonide, Favipiravir
Favipiravir

Ciclesonide
Ciclesonide, Favipiravir
Favipiravir, Steroid
Ciclesonide, Favipiravir
Ciclesonide, Favipiravir
Ciclesonide, Favipiravir
Ciclesonide, Favipiravir
Steroid

Ciclesonide, Favipiravir,
Steroid

None
None

Ciclesonide, Favipiravir,
Steroid

None

None

(Continues)
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TABLE 2 (Continued)
Disease
Pt No. severity* Outcome Sex Past medical history Therapy
35 mild cure/discharge M HT, cholangiocarcinoma N/A Favipiravir
36 moderate cure/discharge M Pancreatic cancer N/A None
37 moderate cure/discharge M None N/A None
38 mild cure/discharge F Neuromyelitis optica N/A Steroid
39 mild cure/discharge M None N/A None
40 mild cure/discharge M None N/A None

Note: Disease severity refers to severity at hospitalization.

Abbreviations: CHDF, Continuous hemodiafiltration; CRF, Chronic renal failure, DM, Diabetes mellitus; FFP, Fresh frozen plasma; HL, Hyperlipidemia;
HT, Hypertension; IGT, Impaired glucose tolerance; O2, Oxygen inhalation; RA, Rheumatoid arthritis; RF, Renal failure.

TABLE 3 Complete blood cell counts of patients with COVID-19 and healthy controls

Patients with Patients with COVID-19
Healthy controls COVID-19, total
(n=38) (n=194) P value* Mild (n = 101) Severe (n = 93) P value**
White blood cells (x 5.22(4.21-5.82) 5.96 (4.22-9.75) .0091 4.76 (3.61-5.94) 9.32(6.12-12.00) <.0001
1079/1)
Neutrophils (%) 61.0(52.6-65.7) 78.1(61.5-88.4) <.0001 62.8(76.0-52.8)  87.8(79.0-93.2) <.0001
Lymphocytes (%) 30.2(23.9-35.4) 10.4 (4.0-24.0) <.0001 23.1(12.3-33.5)  4.2(1.5-9.8) <.0001
Monocytes (%) 6.0(4.4-7.7) 5.7 (3.6-8.4) .9789 6.8 (4.6-9.2) 4.3(2.8-6.8) <.0001
Eosinophils (%) 2.6 (1.1-3.7) 1.4(0.0-2.9) .0068 2.2(0.5-3.4) 0.0(0.0-1.9) <.0001
Basophils (%) 1.0(0.6-1.6) 0.4 (0.0-0.9) <.0001 0.6 (0.0-1.5) 0.0 (0.0-0.5) <.0001
Blastoid cells (%) 0.0(0.0-0.0) 0.0(0.0-0.0) 178 0.0 (0.0-0.0) 0.0 (0.0-0.0) .2325
Immature granulocytes (%) 0.0 (0.0-0.0) 0.0 (0.0-0.6) <.0001 0.0 (0.0-0.0) 0.5(0.0-1.2) <.0001
Reactive lymphocytes (%) 0.0(0.0-0.5) 0.4 (0.0-0.9) .0527 0.5(0.0-1.4) 0.0(0.0-0.5) <.0001
Neutrophils (x 10°9/L) 3.06 (2.43-3.61) 4.12(2.64-8.31) .0004 2.81(2.20-3.85)  8.04 (4.92-10.95) <.0001
Lymphocytes (x 1029/L) 1.39 (1.25-1.82) 0.60 (0.29-1.29) <.0001 1.21(0.54-1.63)  0.39 (0.16-0.61) <.0001
Monocytes (x 10°9/L) 0.28 (0.18-0.43) 0.35(0.22-0.57) .0409 0.35(0.24-0.53)  0.37(0.21-0.74) .1988
Eosinophils (x 1079/L) 0.11 (0.06-0.21) 0.06 (0.00-0.18) .0203 0.08 (0.03-0.20)  0.00 (0.00-0.12) .0016
Basophils (x 1019/L) 0.06 (0.03-0.08) 0.01 (0.00-0.05) <.0001 0.03 (0.00-0.07)  0.00 (0.00-0.02) <.0001
NLR (ratio) 2.09 (1.53-2.58) 4.87 (2.25-9.81) <.0001 2.45(1.56-4.12)  9.59 (5.94-19.31) <.0001
Hemoglobin (g/L) 138 (127-145) 103 (88-131) <.0001 125 (103-142) 89 (83-102) <.0001
RDW-SD (fL) 44.6 (42.4-46.4) 47.5 (42.0-52.6) .0071 43.4(40-4-48.9) 51.5(46.5-55.3) <.0001
Platelets (x 1079/L) 232 (207-264) 200 (119-293) .0552 226 (171-312) 153 (80-259) <.0001
CRP (mg/L) N/A 27.4(6.5-72.4) N/A 11.5(1.9-44.5) 55.3(20.5-100.9) <.0001

Note: Data are presented as median (IQR).

Abbreviations: CRP, C-reactive protein, NLR, Neutrophil-lymphocyte ratio; RDW-SD, Red blood cell distribution width-standard deviation.
*P values comparing healthy controls and patients with COVID-19.

**P values comparing mild cases and severe cases.

Morphological changes in lymphocytes were observed in all observed for reactive lymphocyte % in total lymphocytes (P < .001).
COVID-19 patients. Vacuole % in lymphocytes was also significantly
higher in patients with COVID-19 than in HCs, with a higher per-

centage in the severe group than in the mild group, also suggestive

Granular lymphocytes were observed in all patients. We observed
elevated RDW-SD in patients with COVID-19, particularly in the
severe group. Elevated RDW can be associated with an increased
of the inflammatory response. Granular lymphocyte % in lympho- mortality in patients with COVID-19.}* Therefore, morphological
cytes was significantly increased in the mild group compared with changes in RBCs were further examined. Compared with the HCs,

the HC (P < .001) and severe groups (P < .05), and a similar trend was COVID-19 cases had a significantly higher polychromatic RBC %
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(P < .0001), indicating that abnormal amounts of immature reticu-
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locytes may have been released from bone marrow.!® However, we
did not observe any significant difference in polychromatic RBC
% between mild and severe groups. In contrast, the percentage of
schistocytes, fragmented RBCs, was moderately increased in the
mild group compared with HCs (P < .05) and increased further in the
severe group compared with the mild group (P <.001). Hypochromic
RBC % was moderately increased after SARS-CoV-2 infection, and

further increased with disease progression (P < .001).
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3.2 | Association of granular lymphocytes with
severity of COVID-19

We next investigated chronological changes in granular lymphocyte
count and severity. Figure 1C shows the absolute count of total lym-
phocytes, and granular and reactive lymphocytes. Comparing the
mild group with HCs, the total lymphocytes count was decreased
(P < .01), granular lymphocyte count remained stable (P = .1481),

and reactive lymphocyte count was increased in the mild group

(b) (©)
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FIGURE 1 Morphological changes in blood cells in patients with COVID-19 and healthy controls. (A) Morphological abnormalities
with a significant difference between the patients with COVID-19 and the HCs, or between the mild and severe cases. A total of 194
specimens were tested as described in the Materials and Methods. The severity was classified at the time of measurement. Data are

median (IQR). Wilcoxon rank sum test was conducted. HC, healthy control; N.A, not applicable, a-g; neutrophils, h-k; lymphocytes, I-n; red
blood cells, o; platelets, a, Acquired Pelger-Huét anomaly (APHA). b, Chromatin abnormality. ¢, Degranulation/hypogranulation. d, Giant
neutrophils. e, Toxic changes. f, Déhle bodies. g, Vacuoles. h, Nucleus atypia. i, Granular lymphocytes. j, Reactive lymphocytes. k, Vacuoles.
I, Polychromatic RBCs. m, Hypochromic RBCs. n, Schistocytes. o, Giant platelets. (B) Representative images of PB cells from patients with
COVID-19. Morphological image findings in peripheral smears in patients with COVID-19 (May-Gurunwald's-Giemsa stain, x100, x1000).
a-g; neutrophils, h-k; lymphocytes, |-n; red blood cells, o; platelets, a, Acquired Pelger-Huét anomaly (APHA). b, Chromatin abnormality.

¢, Degranulation/hypogranulation. d, Giant neutrophils. e, Toxic changes. f, Dohle bodies. g, Vacuoles. h, Nucleus atypia. i, Granular
lymphocytes. j, Reactive lymphocytes. k, Vacuoles. |, Polychromatic RBCs. m, Hypochromic RBCs. n, Schistocytes. o, Giant platelets. Red
arrows show each cell. (C) Absolute cell count of peripheral lymphocytes, granular lymphocytes, and reactive lymphocytes in patients with
COVID-19 and healthy controls. Data are median (IQR). The Wilcoxon rank sum test was conducted. NA; not applicable
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(P < .001). The absolute count of total lymphocytes, granular lym-
phocytes, and reactive lymphocytes was significantly lower in the
severe group than in the mild group (P < .0001).

Figure 2 shows chronological changes in granular lymphocytes
in the 12 patients with severe infection; two severe cases who
underwent less than two samplings were excluded. Table 2 shows
the clinical characteristics of the 12 patients with severe infection
(Pt#1-12). Patients 1 to 8 are cured cases, and patients 9 to 12 are
deceased cases. In most of the cured cases, granular lymphocyte
counts were greater than 0.200 x 10°/L throughout the clinical
course (Figure 2A).

Reported normal granular lymphocyte values are approximately
0.2 x 10%/L (ie, 0.223 + 0.099 x 10°/L* or 0.198 + 0.112 x 10°/LY).
Between days 10 and 20, granular lymphocyte counts of patient 1
transiently increased above 0.2 x 10%/L despite his critical condi-

tion. The granular lymphocyte counts then gradually increased and

(A) Absolute granular lymphocyte counts in severe cases (cured/discharged)
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S
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recovered reaching levels above 0.2 x 10%/L on day 40 while the
patient was recovering clinically (Figure 2A, Pt 1). Unlike this case,
there was no recovery of granular lymphocytes in the remaining de-
ceased cases and granular lymphocyte counts remained lower than
<0.200 x 10%/L throughout the clinical course (Figure 2B). This sug-
gests that granular lymphocyte count can be a potential indicator
of prognosis. All fatal cases developed disseminated intravascular
coagulation (DIC). Of these, three patients also had cancer and the
remaining patient developed pancreatitis and thrombosis with leu-
koerythroblastosis (>1% blasts).

4 | DISCUSSION

This study investigated the role of PB examination as a prognos-
tic marker of COVID-19. Our data demonstrated that SARS-CoV-2

(B) Absolute granular lymphocyte counts in severe cases (dead)
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FIGURE 2 Trajectories of severe COVID-19 cases, Longitudinal changes in granular lymphocyte counts in cured or discharged severe
cases of COVID-19 (A) and fatal severe cases (B) examined more than three times during the course. Progress charts of individual cases
are shown with lymphocyte counts (x10%/L;a), granular lymphocyte counts (x10°/L;*), granule lymphocyte ratio (%;e), CRP (mg / L;A\) and
NLR (;O). Granular lymphocyte counts are indicated by dotted lines and other items are shown as solid lines. The change in severity during
the course is indicated by the color of the background: white—mild, light gray—severe, and dark gray—critical. L, lymphocyte; GL, granular
lymphocyte; CRP, C-reactive protein; NLR, neutrophil-lymphocyte ratio



International Journal of

HORIUCHI €T AL.

131
©6 | wiLEY

infection can induce multi-lineage changes in blood cell counts
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and morphological anomalies: (1) dysplastic anomaly of neutro-
phils, such as APHA and monolobated neutrophils, degranulation/
hypogranulation, and chromatin abnormalities, in all COVID-19
cases irrespective of severity; (2) systemic inflammatory response-
induced changes in neutrophils, such as toxic changes, Déhle bod-
ies, vacuoles, and giant neutrophils mainly in severe cases; (3)
increases in granular lymphocytes in mild cases, but persistent
granular lymphocyte decrease in fatal cases; and (4) largely ele-
vated RDW in severe cases.

Because the morphological analysis of blood cells can be sub-
jective, we utilized a digital platform equipped with the CNN-based
automatic image-recognition system.'? The digital CNN analyzing
system revealed difference in morphological anomalies of neutro-
phils, including APHA, and toxic changes, and numerical change in
granular lymphocytes and reactive lymphocytes between patients
with mild and severe COVID-19, whereas a previous study using a
CNN-based analyzing system had identified only an increase in re-
active lymphocytes in COVID-19%; these differences may be par-
tially due to the fact that the system in the previous study focused
on lymphocyte morphology. As SARS-CoV-2 can cause various
anomalies of all lineage blood cells,” our digital CNN analyzing sys-
tem can be suitable to detect blood cell morphological anomalies
in COVID-19.

4.1 | Granulocyte change

We observed neutrophil dysplasia, including APHA and other mon-
olobated neutrophils, in mild-to-severe COVID-19 and increased
levels of toxic granulation/Dohle bodies in severe cases, similar to
the previous reports.”* Several infections, including tuberculosis
and viral infections by HIV, EBV, and parvovirus, are known to cause
bone marrow stress, resulting in hematopoietic dysfunction and the
appearance of APHA.?° Neutrophil anomalies, including toxic gran-
ule and Dd6hle bodies, appear in secondary bacterial or fungal infec-
tions, including sepsis.?*

4.2 | Lymphocyte change

Lymphopenia is one of the most predominant hematologic changes
caused by SARS-CoV-2 infection,” and lymphocyte subset alterations
are associated with disease activity in patients with COVID-19.2? Our
data indicate that absolute counts of granular lymphocytes and reac-
tive lymphocytes were significantly decreased in the severe cases,
while normal or higher levels of granular lymphocyte ratios were
present in the mild cases despite decrease in total lymphocytes. Liu
et al reported that survived severe COVID-19 cases showed a de-
crease in CD3/CD8" T cells compared with mild cases.?? However,
our novel finding is that patients who showed an increase in granu-
lar lymphocytes, even transiently, tended to recover. By detailed ki-

netic case study including fatal cases, we revealed that the granular

lymphocyte counts, consisting of natural killer (NK) cells and activated

T cells that are the major mediators of cellular cytotoxicity,?>2* r

e-
mained at extremely low levels throughout the clinical course in the
deceased cases, but increased temporarily during the clinical course of
patients with severe disease who recovered (Figure 2A). CD8" killer T
cells have been shown to play a critical role in mediating viral clearance
after acute respiratory infections of respiratory syncytial virus (RSV),
influenza A virus (IAV), and human metapneumovirus.?>?° A study
using single-cell RNA sequencing suggested that impaired granular
lymphocytes in patients with severe COVID-19 may consist of active
state T cells and cytotoxic natural killer cells.?” Our results and these
previously reported findings indicate that the increase in granular lym-
phocytes and reactive lymphocytes is associated with an effective im-
mune response. Therefore, detection of numerous changes in these
cells in the PB smear may be a promising marker in the early screening

stage for critical illness and recovery from severe COVID-19.

4.3 | RBC Change

Our data showed that hypochromic anemia and increased RDW*
were associated with severe infection. It has been postulated that
SARS-CoV-2 interacts with Hb molecules via ACE2, CD147, and
CD26 receptors, leading to hemolysis.?® Appearance of hypochro-
mic RBCs could be further associated with inflammation and iron
deficiency although it is difficult to determine which is the dominant
factor.

RDW increases in many diseases due to impaired turnover of
RBCs.?? Although COVID-19 is known to be associated with altered
turnover in all blood cell lineages,®° specific mechanisms for RDW
alterations in COVID-19 remain unclear. In this study, we observed
several morphological changes in RBCs that cause elevated RDW.
For example, polychromatic RBC %, which reflects the presence of
relatively large immature reticulocytes,®! was increased in patients
with COVID-19, with no significant difference between mild and
severe cases. This suggests that SARS-CoV-2 infection stimulates
the release of reticulocytes from the bone marrow to the peripheral
circulation.

We also observed a significant increase in RBC fragmentation
and schistocytes in the severe group compared with the mild group.
This may be due to DIC and/or invasive therapies, such as hemodi-
afiltration and plasmapheresis. Interestingly, schistocytes were ob-
served more frequently in the mild cases of infection than in HCs,
suggesting that the appearance of schistocytes was not only asso-
ciated with DIC and mechanical intervention. Fragmented red blood
cell (FRC) by XN-3000 may be useful for quantitative estimation of
schistocytes.

A recent study reported the frequent occurrence of bone mar-
row hemophagocytosis in patients with fatal COVID-19.%2 Excess
bone marrow stress in severe cases may cause catastrophic changes,
such as Ieukoerythroblastosis,10 which was observed in the fatal
case in our study. These findings further indicate that the hemato-

poietic progenitor cells may be involved in COVID-19 pathogenesis.
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4.4 | Limitations

This study has some limitations. This was a single-center study involv-
ing a small number of patients. As the numbers of cases of infection
and death by COVID-19 are low in Japan,* it was difficult to collect
a large number of severe cases. However, our data showed important
information regarding clinical and laboratory data that were distinct
from other regions. We only examined CBCs and PB morphology,
while lymphocyte surface antigens and cytokines were not analyzed.
Bone marrow involvement was not studied. Further investigations,
including bone marrow smear morphology, are required to elucidate
the underlying mechanisms of increased APHA and other neutrophil
dysplasia. In addition, the sole use of the Sysmex DI-60 in combina-
tion with CNN-based analysis is another potential limitation.

Steroid treatment may have affected the blood test results.
Furthermore, long-term follow-up is necessary to confirm the recov-

ery of hematopoietic systems.

5 | CONCLUSION

Our data demonstrated that basic PB examination can detect de-
creased granular lymphocytes and increased RDW as well as blood
cell morphological changes in cases of severe COVID-19. These
changes were dynamically correlated with disease severity and
may be associated with disrupted hematopoiesis and immuno-
logical systems due to bone marrow stress in severe infection. To
the best of our knowledge, this is the first work to describe the
importance of the detection of a temporary increase in granular
lymphocytes in patients with severe COVID-19 who survived. We
propose that PB examination can be useful to predict the progno-
sis of COVID-19.
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