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Young COVID-19 Patients Show a Higher Degree of Microglial Activation When Compared to Controls
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The severe acute respiratory syndrome-corona virus type 2 (SARS-CoV-2) is the cause of human coronavirus disease 2019 (COVID-19). Since its identification in late 2019 SARS-CoV-2 has spread rapidly around the world creating a global pandemic. Although considered mainly a respiratory disease, COVID-19 also encompasses a variety of neuropsychiatric symptoms. How infection with SARS-CoV-2 leads to brain damage has remained largely elusive so far. In particular, it has remained unclear, whether signs of immune cell and / or innate immune and reactive astrogliosis are due to direct effects of the virus or may be an expression of a non-specific reaction of the brain to a severe life-threatening disease with a considerable proportion of patients requiring intensive care and invasive ventilation activation. Therefore, we designed a case-control-study of ten patients who died of COVID-19 and ten age-matched non-COVID-19-controls to quantitatively assess microglial and astroglial response. To minimize possible effects of severe systemic inflammation and / or invasive therapeutic measures we included only patients without any clinical or pathomorphological indication of sepsis and who had not been subjected to invasive intensive care treatment. Our results show a significantly higher degree of microglia activation in younger COVID-19 patients, while the difference was less and not significant for older COVID-19 patients. The difference in the degree of reactive gliosis increased with age but was not influenced by COVID-19. These preliminary data warrants further investigation of larger patient cohorts using additional immunohistochemical markers for different microglial phenotypes.
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INTRODUCTION

After emerging from the city of Wuhan in China in early December 2019, infections with the novel severe acute respiratory syndrome-corona virus type 2 (SARS-CoV-2) have rapidly evolved into a global pandemic. SARS-CoV-2 is the cause for human coronavirus disease 2019 (COVID-19), a severe, life-threatening illness; as of March 2022, there have been more than 460 million cases worldwide, more than 6 million of which have been fatal (https://covid19.who.int/). COVID-19 is mainly a respiratory disease, yet neurological signs and symptoms such as stroke, seizures, and altered mental status have been reported in more than a third of patients during the acute phase of COVID-19 (1–3). Furthermore, about 10–30% of patients develop persistent symptoms and / or delayed or long-term complications following acute COVID-19; a syndrome including diverse neuropsychiatric sequelae, that has been called long COVID or post-acute COVID-19 (4). Thus, an understanding of the underlying pathophysiological mechanisms of CNS impairment is of paramount importance, which clearly shows the need for detailed neuropathological studies (5, 6). Indeed, neuropathological assessment has been proven as a valuable instrument for providing important insights into potential routes of virus neuroinvasion and mechanisms of CNS damage (7–11). A key question in the pathophysiology of COVID-19 in the CNS is the role of the neuroimmune system, in particular microglia cells and astrocytes. In fact, several studies report activation of the neuroimmune axis with microglial activation, presence of microglial nodules and context-specific interaction with CD8+ T cells (7, 12–14). Astrocytic activation is less studied in COVID-19, and it has been shown that older COVID-19 patients have more pronounced astrogliosis, although this is certainly influenced by age itself and / or by concomitant neurodegenerative conditions (14).

So far, many neuropathological autopsy studies of COVID-19 patients have had shortcomings due to the inherently high heterogeneity of the analyzed cohorts in terms of age, concomitant neurological diseases, and treatment regimens prior to death, since all these factors are known to influence both microglial and astroglial response (15–18). Therefore, we designed a case-control study of ten patients who died of COVID-19 and ten age-matched non-COVID-19 controls. Importantly, we only included patients who died either at home, in a nursery home, or in a hospital setting without intensive care treatment; furthermore, we excluded patients or controls with sepsis and / or any gross neuropathological findings considered to interfere with astroglial and / or microglial response (e.g., infarction, bleeding, tumor, trauma). Additionally, we stratified by age and analyzed a younger and an older age subgroup. We specifically studied the degree of lymphocytic infiltration and of both microglial and astroglial response by immunohistochemical staining and digital quantitative image analysis. Our results show a higher degree of microglia activation in both younger and older COVID-19 patients, being significantly different only for younger patients. The degree of reactive astrogliosis increased with age but was not found to be influenced by COVID-19 or the duration of the disease.



METHODS


Autopsies and Ethical Considerations

In the federal state of Hamburg, Germany, all persons who had died due to or with an infection of SARS-CoV-2 during the period from 1 March to 31 December 2020 underwent full autopsy at the Institute of Legal Medicine of the University Medical Center of Hamburg-Eppendorf (UKE). SARS-CoV-2 infection was diagnosed using a throat swab followed by immediate RT-qPCR for viral SARS-CoV-2 RNA in all cases. The Ethics Committee of the Hamburg Chamber of Physicians was informed about the study (PV7311 and 2020-10353-BO-ff) and the study is in line with the Declaration of Helsinki. Clinical data including pre-existing medical conditions, medical course prior to death and ante mortem diagnostic findings were assessed. After removal during autopsy, all brains were fixed in buffered 4% formaldehyde, examined macroscopically, and underwent extensive neuropathological workup at the Institute of Neuropathology of the UKE. From the whole study cohort, cases were chosen by virtue of age, i.e., five patients from the youngest quartile (i.e., <60 years of age) and five patients from the oldest quartile (i.e., >90 years of age). Age-matched historical controls who died before the year 2019 were culled from the autopsy archive of the Institute of Neuropathology. Exclusion criteria for both cases and controls were pre-existing neurological disease (e.g., major cerebral infarction, tumor, intracranial bleeding, trauma), presence of sepsis according to clinical and / or pathological features, and invasive treatment regimens during intensive care. Since neurodegenerative changes are inevitably found in both COVID-19 patients and controls from the oldest quartile, this was not considered an exclusion criterion.



Histopathological Examination

Formalin-fixed paraffin-embedded tissue (FFPE) samples from the superior frontal gyrus (Brodman area 9 or 8) were processed and stained with hematoxylin and eosin following standard laboratory procedures. Immunohistochemistry with antibodies to human glial fibrillary acidic protein (GFAP; 1:200, clone 6F2; DakoCytomation, Glostrup, Denmark), human leukocyte antigen DR, (HLA-DR, DP, DQ; 1:200, mouse clone CR3/43; DakoCytomation), CD8 (1:100, clone SP239; Spring Bioscience, Pleasanton, USA), and SARS-CoV-2 nucleocapsid (1:1000; clone 4A8, Synaptic Systems, Goettingen, Germany) was performed on a Ventana benchmark XT autostainer following the manufacturer's recommendations. The quality of the immunohistochemical stains was assessed by on-slide positive controls for all antibodies. For semiquantitative assessment of cytotoxic T lymphocyte infiltration, cells with positive CD8 staining were counted per high-power field (HPF) of 0.5 mm2. Infiltration was categorized as none, mild (1 to 9 cells per HPF), moderate (10 to 49 cells per HPF), or severe (≥50 cells per HPF).



Immunohistochemistry on Free-Floating Sections

Blocks of paraffin-embedded cortical brain sections were cut into 200–250 μm thick slices and paraffin was removed with two washes in Roti-Histol (Carl Roth, Karlsruhe, Germany) at 36°C. Slices were rehydrated in a series of 100, 95, 70, and 50% ethanol (EtOH) and H2O. For antigen retrieval, slices were submerged in acidic buffer (10 mM citric acid, 0.05% Tween-20, pH 6.0) at 95°C for 10 min and then allowed to cool down to room temperature (RT) for 20 min. Slices were permeabilized in PBST (0.2% Triton-X100 in PBS) for 1 h at RT and then blocked for 1 h in 5% BSA, 0.4% Triton-X100 in PBS at room temperature (RT). Slices were incubated for 4–5 days with the following primary antibodies: mouse anti-GFAP (sc-33673, Santa Cruz Biotechnology, Heidelberg, Germany; 1:100) and rabbit anti-vimentin (GTX100619, GeneTex, Irvine, CA; 1:100) in 5% BSA, 0.2% Triton-X100, 0.1% sodium acid in PBS at 4°C. Slices were then incubated with secondary antibodies (goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Fluor 555, Life Technologies, Darmstadt, Germany; 1:500 with 0.1% sodium acid in PBS) for 3–4 days at 4°C. Slices were covered with TrueBlack (Biozol, Eching, Germany; 1:20 in 70% EtOH) for 2 min to reduce autofluorescence and finally mounted in RapiClear 1.49 (SunJin Lab, Hsinchu City, Taiwan) followed by incubation for 30 min at RT and then analyzed with a confocal microscope (eC1, Nikon, Düsseldorf, Germany) using a 40x/NA 1.3 objective. Z-stacks were imaged with 0.15 μm axial spacing and deconvolved using Huygens software (SVI, Hilversum, Netherlands). Projections were produced with ImageJ (19) and adjusted for brightness and contrast with Photoshop (Adobe, Dublin, Ireland).



Quantitative Image Analysis

Immunohistochemically stained slides for both GFAP and HLA-DR/DP from COVID-19 patients and controls were digitalized using a Hamamatsu NanoZoomer 2.0-HT C9600 whole slide scanner (Hamamatsu Photonics, Tokyo, Japan). Images were exported using NDP view v2.7.43 software. Digital image analysis was performed using ImageJ/Fiji software (19). For measurement of the entire tissue area, whole slide images were first converted to grayscale and inverted. Then, normalization was achieved by subtraction of the mean gray value of representative, manually identified background pixels. Whole tissue areas were measured on re-inverted images via consistent global thresholding and subsequent pixel quantification. For measurement of positively stained areas, the analogous approach was implemented in the DAB color channel of whole slide images after utilization of the color deconvolution plugin. To account for comparable immunostaining quantification, the ratio of positively stained area (px) / entire tissue area (px) was calculated. For spatial immunostaining quantification, anatomically distinct areas (regions of interest, ROIs) were manually drawn and subjected to separate measurements analogous to the described approach (see Figure 1). Tissue areas, which were not eligible for quantification (e.g., due to technical or digital artifacts) were excluded from the analysis.


[image: Figure 1]
FIGURE 1. Schematic procedure for digitally supported quantification of immunostaining intensities. Digitalized slides of immunostained brain tissue (A) were separately deconvoluted for DAB [(B), upper panel] and converted to grayscale [(B), lower panel]. Both acquired binary images were globally thresholded (C) with distinct value cut-offs. Pixel quantities were measured within manually assigned anatomical regions (D). Assessment of immunostaining intensities (E) was based on ratios calculated from pixels with above-threshold values of the deconvoluted DAB image [(C), upper panel, DAB] over pixels with above-threshold value of the grayscale image [(C), lower panel, overall tissue] within their respective anatomical regions (D).




Statistical Analysis

General demographic features were analyzed using standard methods of descriptive statistics. Since the study design was based on the comparison between case-control pairs, statistical analysis included the paired t-test for continuous variables of normal distribution (Welch's t-test modification was used if parameters showed unequal variance in Levene's test). For testing of normality, the Kolmogorov-Smirnov test was used. For the comparison of non-normally distributed continuous variables the Mann-Whitney-U test was applied. Frequency distributions were compared with binomial or χ2 tests. Significance was assumed with a p ≤ 0.05. Actual p-values were presented wherever possible, and the 95% confidence interval (95% CI) was calculated. Data were analyzed using IBM SPSS Statistics version 27.0.




RESULTS


Demographic, Clinical, and General Neuropathologic Details of Cases and Controls

During the period from the 1 March to the 31 December 2020, there were 281 autopsies of patients who had died due to or with SARS-CoV-2 at the Institute of Legal Medicine of the University Medical Center Hamburg-Eppendorf (20). All brains of these autopsies had been removed and sent for detailed neuropathological analysis. Both from the youngest quartile (i.e., <60 years of age) and from the oldest quartile (i.e., >90 years of age) 5 cases each were chosen, provided they met the inclusion criteria (no preexisting neurological disease, no sepsis, and no invasive treatment regimens during intensive care). Disease duration was available for 7 out of 10 COVID-19 patients (range: 4–30 days; median = 14 days). Age-matched controls without exclusion criteria were then culled from the archive of the Institute of Neuropathology within a range of ±5 years. For demographic details of cases and controls (see Table 1). None of the COVID-19 patients and the controls showed any significant macroscopic damage to the brain (e.g., cerebral infarction, bleeding, tumor, trauma). Neither were there any microscopic findings that have been variously described for COVID-19 patients in the literature, e.g., demyelination, meningitis, encephalitis, endotheliitis, or widespread hyaline microthrombosis (21–23). Nine of 10 COVID-19 patients died of COVID-19 pneumonia and one of pulmonary embolism following deep venous thrombosis. For further details of cases and controls (see Table 2).


Table 1. Demographic details of cases and controls.
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Table 2. Clinical details of cases and controls.
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Young COVID-19 Patients Show a Significant Microglia Activation in Frontal Cortex and White Matter

We performed immunostaining for HLA-DR, DP, DQ (HLA) as a marker of activated microglia (17), and quantified staining intensities via digital image analysis. When comparing brain tissue of young COVID-19 patients to young control patient we saw significantly increased microglia activation both in the frontal cortex and in the frontal white matter (mean HLA total: 0.02 vs. 0.004; p = 0.016; mean HLA cortex: 0.04 vs. 0.004; p = 0.016; mean HLA white matter: 0.02 vs. 0.004; p = 0.032; see Table 3, Figure 2). The difference was less and non-significant for old COVID-19 patients in comparison with old controls (mean HLA total: 0.12 vs. 0.04; p = 0.421; mean HLA cortex: 0.15 vs. 0.06; p = 0.421; mean HLA white matter: 0.11 vs. 0.03; p = 0.421). Moreover, comparisons across both age groups rendered insignificant differences in microglial activation between COVID-19 and control patients (mean HLA total: 0.07 vs. 0.02; p = 0.105; mean HLA cortex: 0.10 vs. 0.03; p = 0.063; mean HLA white matter: 0.06 vs. 0.02; p = 0.089; see also Figure 3).


Table 3. Results of quantitative image analysis of GFAP- and HLA-DR-staining of COVID-19 patients and controls (see text for details).
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FIGURE 2. Comparison of microglial marker HLA immunostaining in COVID-19- and control cerebral tissue stratified according to patient age at death. (A–F) Representative images of cerebral HLA immunostaining (A), comprising cortex (C) and white matter (E). The colorized overlay image (B) indicates categorized pixel intensities in the cortex [(D), brown: DAB, indigo: immunonegative tissue] and white matter [(F), magenta: DAB, sky blue: immunonegative tissue]. Scale bar is 250 μm. (G–I) Dot plots showing staining intensity ratios calculated from cerebral tissue in young (<60y) vs. old (≥90y) patients in total (G), and separately in the cortex (H) and white matter (I). *p < 0.05, ns, not significant; n = 5 per group.



[image: Figure 3]
FIGURE 3. Representative microscopic images for GFAP and HLA immunostaining in COVID-19 patients and controls. GFAP staining in cortex (A,B) and white matter (C,D) of old COVID-19 patients and controls; and GFAP staining in cortex (E,F) and white matter (G,H) of young COVID-19 patients and controls. HLA staining in cortex (I,J) and white matter (K,L) of old COVID-19 patients and controls; and HLA staining in cortex (M,N) and white matter (O,P) of young COVID-19 patients and controls. Scale bar = 100 μm.




No Difference in Reactive Astrogliosis Between COVID-19 Patients and Controls

To determine the degree of astrocyte activation, brain tissue was stained with the pan-astrocyte activation marker GFAP. Given the well-known close interplay of astrocytes and blood vessels, we separately subjected perivascular and parenchymal compartments of both cortex and white matter to immunostaining quantification. Analysis of staining intensities were performed as described above. Statistical comparisons concerning the degree of reactive astrogliosis in frontal cortex and frontal white matter showed an age-dependent increase but no significant differences between COVID-19 patients and controls neither of all ages nor when analyzed for both age groups separately or when comparing different anatomical regions (see Table 3, Figures 3, 4). In addition, there was no correlation for the degree of reactive astrogliosis and the disease duration (data not shown). Immunofluorescence staining of 200–250 μm free-floating sections further confirmed the results of the conventional immunohistochemical staining revealing a much larger number of astrocytes with intense GFAP labeling in old COVID-19 patients compared to young COVID-19 patients (see Figure 5, Supplementary Movie 1). Vimentin immunostaining used to visualize endothelial cells and reactive astrocytes highlighted perivascular astrocytes only in old COVID-19 patients (see Figure 5, Supplementary Movie 1), while parenchymal astrocytes in both old and young COVID-19 patients were vimentin-negative.


[image: Figure 4]
FIGURE 4. Comparison of GFAP immunostaining in COVID-19 and control cerebral tissue stratified according to patient age. (A–F) Representative images of cerebral GFAP immunostaining (A), comprising cortex (C) and white matter (E). The colorized overlay image (B) indicates categorized pixel intensities in the cortex [(D), gold: DAB, blue: immunonegative tissue] and white matter [(F), orange: DAB, sky blue: immunonegative tissue]. Scale bar is 250 μm. (G–I) Dot plots showing staining intensity ratios calculated from cerebral tissue in young (<60y) vs. old (≥90y) patients in total (G), and separately in the cortex (H) and white matter (I). (J–O) Representative image of cerebral GFAP immunostaining (J), comprising cortex (L) and white matter (N). The colorized overlay image (K) indicates categorized pixel intensities in perivascular regions of the cortex [(M), red: DAB, turquoise: immunonegative tissue] and parenchymal regions of the cortex [(M), yellow: DAB, blue: immunonegative tissue] as well as perivascular regions of the white matter [(O), mocha: DAB, light green: immunonegative tissue] and parenchymal regions of the white matter [(O), orange: DAB, sky blue: immunonegative tissue]. Scale bar is 250 μm. (P–S) Dot plots showing staining intensity ratios in young (<60y) vs. old (≥90y) patients in cortical perivascular (P) and cortical parenchymal (Q) as well as perivascular white matter (R) and parenchymal white matter (S) regions. *p < 0.05, ns, not significant; n = 5 per group.
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FIGURE 5. Anti-GFAP and anti-vimentin immunoreactivity of human cortical gray matter in COVID-19 patients. Three-dimensional projection of vimentin (orange) and GFAP (cyan) antibody staining of 250 μm thick sections of perivascular (A) and parenchymal (B) gray matter of frontal cortex of a young patient with COVID-19 (age 54). Perivascular (C) and parenchymal (D) staining of an elderly patient (age 99). Squares indicate regions depicted in the following images. (E–H) magnified views of the stainings shown in (A–D). Scale bars: (A–D), 100 μm; (E,F), 30 μm.




No Difference in Cytotoxic T Lymphocyte Infiltration Between COVID-19 Patients and Controls

After immunostaining for CD8 and determining the semiquantitative score as describe above, further analysis revealed no significant difference in cytotoxic T lymphocyte infiltration in frontal cortex and frontal white matter between COVID-19 patients and controls neither for all ages (cortex: p = 0.574; white matter: 0.494; χ2 test) nor when analyzed for younger (cortex: p = 0.549; white matter: 0.565; χ2 test) or older age separately (cortex: p = 0.527; white matter: 0.135; χ2 test; see also Table 4).


Table 4. Semiquantitative analysis of CD8-positive T-lymphocytes in COVID-19 patients and controls.
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No Immunohistochemical Positivity for SARS-CoV-2 in COVID-19 Patients

After immunohistochemistry for SARS-CoV-2 nucleocapsid, none of all 10 COVID-19 patients showed any positivity in all sections investigated (data not shown).




DISCUSSION

Although coronavirus disease 19 (COVID-19) is considered mainly a respiratory disease, it is also the cause of a wide variety of neurologic symptoms during the acute phase of the disease. In addition, a significant percentage of survivors continue to suffer from fatigue-like symptoms, neurocognitive problems, depression, and other long-lasting symptoms. As of today, the exact causes of this illness, known as long COVID or post-acute sequelae of SARS-CoV-2 (PASC), are not known (4). In addition, it has been speculated that infection with SARS-CoV-2 might lead to hitherto unknown neurological ailments, akin to encephalitis lethargica in the aftermath of the 1918 influenza pandemic (24, 25). Therefore, an understanding of the pathophysiological mechanisms behind both acute and chronic effects of SARS-CoV-2 to the nervous systems is in urgent need stressing the importance of systematic neuropathological studies. Of note, even younger patients with only mild acute COVID-19 are prone to develop long COVID, thus raising concerns of a potential major public health and economic crisis.

A main question is whether neuropsychiatric complications in COVID-19 are due to direct virus infection of brain cells or whether they might rather be induced by secondary host effects such as an overshooting immune response (26). The determination of the respective pathways might have direct impact on subsequent potential therapeutic approaches.

In the present study we compared both older and younger COVID-19 patients with age-matched controls to further elucidate the possible pathophysiological mechanisms behind the neuropsychiatric complications following infection with SARS-CoV-2. Since it is well known that patients with other severe, non-SARS-CoV-2-related illnesses that have led to a stay in an intensive care unit with mechanical ventilation and other invasive measures can also develop neuropsychiatric symptoms not dissimilar to long COVID (27, 28), we restricted our analysis to patients who had not been treated in an intensive care unit and who did not show any clinical or pathomorphological signs of sepsis.

As the COVID-19 pandemic lingers on, our understanding of potential routes of infection to the nervous system has considerably enlarged. It has become increasingly clear that SARS-CoV-2 does not or at least not to a relevant amount access to the brain via olfactory infection, as had been surmised during the early phase of the pandemic (29, 30). Alternatively, the virus seemingly enters the brain through the blood-brain-barrier by using infection of endothelial cells as an intermediate station or hijacking leucocytes as Trojan horses into the brain parenchyma (9, 31, 32). Having reached the brain, the virus binds to angiotensin-converting enzyme 2 (ACE-2) receptors that are widely expressed in the CNS and are regulated by nicotinic receptors (33, 34). Irrespective of the exact route, it has gradually emerged that the main culprit of CNS damage in COVID-19 patients is probably not related to damaging SARS-CoV-2 neurotropism but rather to an increase of innate immune activation and / or simmering inflammation which puzzlingly takes place without the presence of detectable virus particles (35). Infection with SARS-CoV-2 leads to a rise in levels of peripheral cytokines in the blood which in turn may activate microglia and neurotoxic astrocytes (36, 37). However, so far astrogliosis in COVID-19 has not been studied in much detail. Single nucleus transcriptional analyses of brain cells in patients who had died of COVID-19 revealed that astrocytes indeed acquire a specific transcriptional profile characterized by an up-regulation of interferon-gamma signaling (8). Interestingly, in that study an increase of the pan-astrocyte marker GFAP on the transcriptional level was detected. In contrast, in our study the amount of GFAP protein levels by immunohistochemistry obviously increased with age but remained largely unaffected by infection with SARS-CoV-2. However, since the brain regions investigated by transcriptional analysis of isolated nuclei in the study by Yang et al. (8) and by immunohistochemistry in our current study are not identical, the examination of other brain regions–preferably involving both transcriptional and immunohistochemical assessment–would certainly be interesting in the future.

Since astrocytes also build up parts of the blood-brain barrier (BBB), we were specifically interested if we could detect any regional increase in the abundance of GFAP around brain vessels. The BBB might serve as a potential entry point of SARS-CoV-2 into the brain (7, 9). Moreover, immune activation including specific T-cell cluster affecting the brain vasculature has been detected in brains of COVID-19 patients (7). Interestingly, GFAP staining intensity was not increased in the perivascular compartment in COVID-19 patients in our study. Future studies might help to determine if subsets of astrocytes around blood vessels might adopt a specific pro-inflammatory phenotype, such as the recently described neurotoxic A1 reactive astrocytes (38).

Although reports on the presence of SARS-CoV-2 in the brain differ considerably, we only detected single infected cells in the brain in a subset of patients by immunohistochemistry in a recent post-mortem case series (12), while in this cohort none showed any positivity. However, the failure of detecting viral particles in the brain should not be used as an argument for the absence of SARS-CoV-2-related tissue pathology, since this may be due to transient infection of the brain during early phases of the disease (35). Recent studies therefore started to also include patients in the acute phase of COVID-19 disease (39). In line with most recent findings, in our set of COVID-19 patients none showed evidence of direct SARS-CoV-2 neuroinvasion when assessed by immunohistochemistry, but a high degree of innate immune activation related to microglia (40). Furthermore, we could show that microglia activation is more pronounced in younger patients. In comparison, the degree of microglial activation in older patients was more variable with some COVID-19 patients showing a very high intensity of HLA-DR staining (see Figure 2). This is in line with other studies showing a similar variability in the degree of neuroinflammation while simultaneously demonstrating anatomically compartmentalized immune activation especially in perivascular regions accompanied by infiltration of CD8 and CD4 T-cells (7). These findings argue in favor of the theory that SARS-CoV-2 may enter the parenchyma via the BBB (7, 9), although secondary alterations of the BBB function due to systemic effects of virus infection cannot be excluded.

Our study has limitations. Firstly, the number of patients and controls is relatively small; therefore, our results are of a preliminary nature, stressing the need for further extensive analysis of larger cohorts with additional antibodies to further characterize microglial phenotypes (17). Secondly, for now we concentrated on the analysis of the frontal cortex; acknowledging that the astroglial and microglial response might differ between brain regions, the study of more regions should be appropriate. Thirdly, investigation with different markers for microglia (e.g., TMEM119, Iba-1) and/or astrocytes might show different results. Lastly, being drawn from an autopsy study, our findings necessarily represent only the most severe end of the COVID-19 spectrum and thus are probably not generalizable to milder cases.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of the Hamburg Chamber of Physicians, Hamburg, Germany. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

JM, HL, MD, and MG contributed to conception and design of the study. JM and MD performed the statistical analysis. MD and HL performed the quantitative image analysis. JM wrote the first draft of the paper. CL, MB, NR, KS, and SP wrote sections of the manuscript. BO, AF, J-PS, and SP provided acquisition and interpretation of data. SK, HA, GG, CL, MB, KS, NR, and SP contributed substantially to the conception and design of the project. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This study was funded by Defeat Pandemics (01KX2021), NATON (01KX2121) within the Network University Medicine (German Federal Ministry of Education and Research, BMBF, and Deutsche Forschungsgemeinschaft (SFB 1328, project number 335447717).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.908081/full#supplementary-material



REFERENCES

 1. Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, et al. Neurologic manifestations of hospitalized patients with coronavirus disease 2019 in Wuhan, China. JAMA Neurol. (2020) 77:683–90. doi: 10.1001/jamaneurol.2020.1127

 2. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

 3. Hensley MK, Markantone D, Prescott HC. Neurologic manifestations and complications of COVID-19. Annu Rev Med. (2022) 73:113–27. doi: 10.1146/annurev-med-042320-010427

 4. Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS, et al. Post-acute COVID-19 syndrome. Nat Med. (2021) 27:601–15. doi: 10.1038/s41591-021-01283-z

 5. Glatzel M. Neuropathology of COVID-19: where are the neuropathologists? Brain Pathology. (2020) 30:729. doi: 10.1111/bpa.12871

 6. Al-Sarraj S, Troakes C, Hanley B, Osborn M, Richardson MP, Hotopf M, et al. Invited review: the spectrum of neuropathology in COVID-19. Neuropathol Appl Neurobiol. (2021) 47:3–16. doi: 10.1111/nan.12667

 7. Schwabenland M, Salie H, Tanevski J, Killmer S, Lago MS, Schlaak AE, et al. Deep spatial profiling of human COVID-19 brains reveals neuroinflammation with distinct microanatomical microglia-T-cell interactions. Immunity. (2021) 54:1594–610. doi: 10.1016/j.immuni.2021.06.002

 8. Yang AC, Kern F, Losada PM, Agam MR, Maat CA, Schmartz GP, et al. Dysregulation of brain and choroid plexus cell types in severe COVID-19. Nature. (2021) 595:565–71. doi: 10.1038/s41586-021-03710-0

 9. Krasemann S, Haferkamp U, Pfefferle S, Woo MS, Heinrich F, Schweizer M, et al. The blood-brain barrier is dysregulated in COVID-19 and serves as a CNS entry route for SARS-CoV-2. Stem Cell Reports. (2022) 17:307–20. doi: 10.1016/j.stemcr.2021.12.011

 10. Thakur KT, Miller EH, Glendinning MD, Al-Dalahmah O, Banu MA, Boehme AK, et al. COVID-19 neuropathology at Columbia university irving medical center/New York presbyterian hospital. Brain. (2021) 144:2696–708. doi: 10.1093/brain/awab148

 11. Wenzel J, Lampe J, Muller-Fielitz H, Schuster R, Zille M, Muller K, et al. The SARS-CoV-2 main protease M-pro causes microvascular brain pathology by cleaving NEMO in brain endothelial cells. Nat Neurosci. (2021) 24:1522–33. doi: 10.1038/s41593-021-00926-1

 12. Matschke J, Lutgehetmann M, Hagel C, Sperhake JP, Schroder AS, Edler C, et al. Neuropathology of patients with COVID-19 in Germany: a post-mortem case series. Lancet Neurol. (2020) 19:919–29. doi: 10.1016/S1474-4422(20)30308-2

 13. Kantonen J, Mahzabin S, Mayranpaa MI, Tynninen O, Paetau A, Andersson N, et al. Neuropathologic features of four autopsied COVID-19 patients. Brain Pathology. (2020) 30:1012–6. doi: 10.1111/bpa.12889

 14. Poloni TE, Medici V, Moretti M, Visona SD, Cirrincione A, Carlos AF, et al. COVID-19-related neuropathology and microglial activation in elderly with and without dementia. Brain Pathology. (2021) 31:16. doi: 10.1111/bpa.12997

 15. Borst K, Dumas AA, Prinz M. Microglia: Immune and non-immune functions. Immunity. (2021) 54:2194–208. doi: 10.1016/j.immuni.2021.09.014

 16. Escartin C, Guillemaud O, Carrillo-de Sauvage MA. Questions and (some) answers on reactive astrocytes. Glia. (2019) 67:2221–47. doi: 10.1002/glia.23687

 17. Schwabenland M, Brück W, Priller J, Stadelmann C, Lassmann H, Prinz M. Analyzing microglial phenotypes across neuropathologies: a practical guide. Acta Neuropathol. (2021) 142:923–36. doi: 10.1007/s00401-021-02370-8

 18. Manabe T, Heneka MT. Cerebral dysfunctions caused by sepsis during ageing. Nat Rev Immunol. (2021) 1–15. doi: 10.1038/s41577-021-00643-7

 19. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source platform for biological-image analysis. Nat Methods. (2012) 9:676–82. doi: 10.1038/nmeth.2019

 20. Fitzek A, Schadler J, Dietz E, Ron A, Gerling M, Kammal AL, et al. Prospective postmortem evaluation of 735 consecutive SARS-CoV-2-associated death cases. Sci Rep. (2021) 11:12. doi: 10.1038/s41598-021-98499-3

 21. Reichard RR, Kashani KB, Boire NA, Constantopoulos E, Guo Y, Lucchinetti CF. Neuropathology of COVID-19: a spectrum of vascular and Acute Disseminated Encephalomyelitis (ADEM)-like pathology. Acta Neuropathol. (2020) 140:1–6. doi: 10.1007/s00401-020-02166-2

 22. Jaunmuktane Z, Mahadeva U, Green A, Sekhawat V, Barrett NA, Childs L, et al. Microvascular injury and hypoxic damage: emerging neuropathological signatures in COVID-19. Acta Neuropathol. (2020) 140:397–400. doi: 10.1007/s00401-020-02190-2

 23. Lee MH, Perl DP, Nair G, Li W, Maric D, Murray H, et al. Microvascular injury in the brains of patients with COVID-19. N Engl J Med. (2021) 384:481–3. doi: 10.1056/NEJMc2033369

 24. Morassi M, Palmerini F, Nici S, Magni E, Savelli G, Guerra UP, et al. SARS-CoV-2-related encephalitis with prominent parkinsonism: clinical and FDG-PET correlates in two patients. J Neurol. (2021) 268:8. doi: 10.1007/s00415-021-10560-3

 25. Krey L, Huber MK, Hoeglinger GU, Wegner F. Can SARS-CoV-2 infection lead to neurodegeneration and parkinson's disease? Brain Sci. (2021) 11:20. doi: 10.3390/brainsci11121654

 26. Deigendesch N, Sironi L, Kutza M, Wischnewski S, Fuchs V, Hench J, et al. Correlates of critical illness-related encephalopathy predominate postmortem COVID-19 neuropathology. Acta Neuropathol. (2020) 140:583–6. doi: 10.1007/s00401-020-02213-y

 27. Ren C, Yao RQ, Zhang H, Feng YW, Yao YM. Sepsis-associated encephalopathy: a vicious cycle of immunosuppression. J Neuroinflammation. (2020) 17:14. doi: 10.1186/s12974-020-1701-3

 28. Khan IR, Gu Y, George BP, Malone L, Conway KS, Francois F, et al. Brain histopathology of adult decedents after extracorporeal membrane oxygenation. Neurology. (2021) 96:e1278–e89. doi: 10.1212/WNL.0000000000011525

 29. Brann DH, Tsukahara T, Weinreb C, Lipovsek M, Van den Berge K, Gong B, et al. Non-neuronal expression of SARS-CoV-2 entry genes in the olfactory system suggests mechanisms underlying COVID-19-associated anosmia. Sci Adv. (2020) 6:eabc5801. doi: 10.1126/sciadv.abc5801

 30. Butowt R, Meunier N, Bryche B, von Bartheld CS. The olfactory nerve is not a likely route to brain infection in COVID-19: a critical review of data from humans and animal models. Acta Neuropathol. (2021) 141:809–22. doi: 10.1007/s00401-021-02314-2

 31. Erickson MA, Rhea EM, Knopp RC, Banks WA. Interactions of SARS-CoV-2 with the blood-brain barrier. Int J Mol Sci. (2021) 22:28. doi: 10.3390/ijms22052681

 32. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel AS, et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet. (2020) 395:1417–8. doi: 10.1016/S0140-6736(20)30937-5

 33. Uversky VN, Elrashdy F, Aljadawi A, Ali SM, Khan RH, Redwan EM. Severe acute respiratory syndrome coronavirus 2 infection reaches the human nervous system: How? J Neurosci Res. (2021) 99:750–77. doi: 10.1002/jnr.24752

 34. Conejero I, Nobile B, Olie E, Courtet P. How does COVID-19 affect the neurobiology of suicide? Curr Psychiatry Rep. (2021) 23:13. doi: 10.1007/s11920-021-01227-x

 35. Spudich S, Nath A. Nervous system consequences of COVID-19. Science. (2022) 375:267–9. doi: 10.1126/science.abm2052

 36. Liu J, Li S, Liang B, Wang X, Wang H, Li W, et al. Longitudinal characteristics of lymphocyte responses and cytokine profiles in the peripheral blood of SARS-CoV-2 infected patients. EBioMedicine. (2020) 55:102763. doi: 10.1016/j.ebiom.2020.102763

 37. Chen X, Zhao B, Qu Y, Chen Y, Xiong J, Feng Y, et al. Detectable serum severe acute respiratory syndrome coronavirus 2 viral load (rnaemia) is closely correlated with drastically elevated interleukin 6 level in critically ill patients with coronavirus disease 2019. Clin Infect Dis. (2020) 71:1937–42. doi: 10.1093/cid/ciaa449

 38. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature. (2017) 541:481–7. doi: 10.1038/nature21029

 39. Khan M, Yoo SJ, Clijsters M, Backaert W, Vanstapel A, Speleman K, et al. Visualizing in deceased COVID-19 patients how SARS-CoV-2 attacks the respiratory and olfactory mucosae but spares the olfactory bulb. Cell. (2021) 184:5932–49.e15. doi: 10.1016/j.cell.2021.10.027

 40. Fullard JF, Lee HC, Voloudakis G, Suo S, Javidfar B, Shao Z, et al. Single-nucleus transcriptome analysis of human brain immune response in patients with severe COVID-19. Genome Med. (2021) 13:118. doi: 10.1186/s13073-021-00933-8

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Matschke, Lahann, Krasemann, Altmeppen, Pfefferle, Galliciotti, Fitzek, Sperhake, Ondruschka, Busch, Rotermund, Schulz, Lohr, Dottermusch and Glatzel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-13-908081-g005.gif





OPS/images/fneur-13-908081-t001.jpg
N

Male/female [n]

Age
Mean

Median
Range

Cases

Young old
5 5
32 32
56.0 93.6
57 )
52-59 91-99

Controls

Young

5
32

56.4
58
51-59

old

32

926
92





OPS/images/fneur-13-908081-g003.gif
old age

Voung age






OPS/images/fneur-13-908081-g004.gif





OPS/images/fneur-13-908081-t004.jpg
Parameter

cps

Cortex

White matter

Score

None
Mid
Moderate
Severe
None
Mid
Moderate
Severe

Case (%)

5(50)
5(50)
0(0)
0(0)
1(10)
7(70)
2(20)
0

All ages

Control (%)

5(50)
4(40)
1(10)
0()

3(30)
6(60)
1(10)
00

Case (%)

2(40)
3(60)
0(0)
0(0)
0(0)
3(60)
2(40)
0(0)

Old age

Control (%)

3(60)
2(40)
00
0
2(40)
3(60)
0(0)
00

Young age

Case (%)

3(60)
2(40)
00
00
1(0
4(80)
00
0(0)

Control (%)

2(40)
2 (40)
1(20)
0(0)
1(20)
3(60)
1(20)
0





OPS/images/fneur-13-908081-t002.jpg
Status

Case #1
Case #2

Case #3
Case #4

Case #5

Case #6

Case #7

Case #8

Case #9
Case #10
Control #1

Control #2

Control #3

Control #4

Control #5

Control #6

Control #7

Control #8

Control #9
Control #10

Age
Iyears]

99
93

93
92

91

59

58

57

54
52
%9

92

92

90

90

59

59

58

55
51

Sex

B

B

B

.

Place of death

Nursery home
Hospital

Hospital
Nursery home

Nursery home
At home
At home
Hospital
Hospital

At home
At home

Hospital

Nursery home

Hospital

Hospital

Hospital

Hospital

Hospital

Hospital
Hospital

PMI [days]

Unknown

11

Key medical history

Parkinsonism
%

%

Pulmonary
hypertension

Dementia

%

Alcohol abuse,
adipositas

Arterial hypertension,
adipositas
Adipositas
Adipositas

COPD

Cardiac insufficiency
Prostatic carcinoma;
colonic carcinoma

Fall to the ground;
anticoagulation

Myocardial infarction
Myocardial infarction
Syncope; diarrhea
Pneumonia; dialysis
Hodgkin's disease

Adipositas;
cardiomyopathy

Symptom
duration
until death
[days]

na.
30

na.
na.

22

10
%

%

%

%

%

%
%
%

Microbiological findings
[eycle threshold; viral
load/10%]

24.99;0.324
22.9;1.43

18.6; 30
18.37;35.3

38.74; <0.01

27.9; 412
20.76; 6.49

23.73;792

32.06; 2160
31.44; 3360
%

%

%

PMI, postmortem interval; DVT, deep venous thrombosis; LAE, lung artery embolism; ARTAG, Aging-related tau astrogliopathy; %, not available; n.a., not applicable.

Cause of
death

Pneumonia
Pneumonia

Pneumonia
Pneumonia

Pneumonia

Pneumonia

Unclear (DVT,
no LAE; no
pneumonia)

Pneumonia

Pneumonia
DVT and LAE

Upper
gastrointestinal
bleeding

Cardiac failure
Pneumonia

Hemorthagic
shock

Cardiogenic
shock
Cardiogenic
shock

Upper
gastrointestinal
bieeding

Cardiac failure
Hepatic failure
Cardiac failure

Key microscopic findings

Corticobasal degeneration
Alzheimer's disease; cerebral
amyloidangioathy
Alzheimer's disease; ARTAG
Aizheimer's disease

Alzheimer's disease; cerebral
amyloidangioathy
None

None.

None

None
None.
Alzheimer’s disease

Aizheimer's disease
Aizheimer's disease
Aizheimer's disease; cerebral
amyloid angiopathy
Aizheimer's disease

None

None

None

None
None





OPS/images/fneur-13-908081-t003.jpg
Parameter

GFAP

HLA-DR

Total
Cortex

Cortex perivascular

Cortex non-perivascular
White matter

White matter perivascular
White matter non perivascular
Total

Cortex

‘White matter

Case

0.1
0.09
0.11
0.09
0.13
0.14
0.13
0.07
0.10
0.06

All ages.

Control

0.14
0.15
0.15
0.14
0.15
0.16
0.14
0.02
0.03
0.02

p-value

0.529
0.353
0.438
0.353
0.684
0.436
0.684
0.105
0.063
0.089

Case

0.16
0.15
017
014
0.15
0.16
0.15
0.12
0.15
011

Old age

Control

020
021
022
021
0.19
0.20
0.19
0.04
0.06
0.03

p-value

0548
0.421
0.548
0.421
0.421
0.421
0.421
0.421
0.421
0.421

Case

0.07
0.04
0.04
0.04
0.1
0.12
0.10
0.02
0.04
0.02

Young age

Control

0.08
0.08
0.09
0.08
0.10
0.13
0.09
0.004
0.004
0.004

p-value

0.421
0548
0.548
0.548
0.690
0.548
0.841
0.016
0.016
0.032





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Young COVID-19 Patients Show a Higher Degree of Microglial Activation When Compared to Controls



		Introduction



		Methods



		Autopsies and Ethical Considerations



		Histopathological Examination



		Immunohistochemistry on Free-Floating Sections



		Quantitative Image Analysis



		Statistical Analysis







		Results



		Demographic, Clinical, and General Neuropathologic Details of Cases and Controls



		Young COVID-19 Patients Show a Significant Microglia Activation in Frontal Cortex and White Matter



		No Difference in Reactive Astrogliosis Between COVID-19 Patients and Controls



		No Difference in Cytotoxic T Lymphocyte Infiltration Between COVID-19 Patients and Controls



		No Immunohistochemical Positivity for SARS-CoV-2 in COVID-19 Patients







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Young COVID-19 Patients Show a
Higher Degree of Microglial
Activation When Compared to
Controls





OPS/images/fneur-13-908081-g001.gif
B
e

b
D

b

B

} oo

o cicuation

e/

white matter
oot
(s ppxs )






OPS/images/fneur-13-908081-g002.gif
ocu
a covio-19










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





