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 2 

Abstract (217 words) 16 

During activation the T cell transmembrane receptor CD6 becomes incorporated into 17 

the T cell immunological synapse where it can exert both co-stimulatory and co-18 

inhibitory functions.  Given the ability of CD6 to carry out opposing functions, this study 19 

sought to determine how CD6 regulates early T cell activation in response to viral 20 

infection.  Infection of CD6 deficient mice with a neurotropic murine coronavirus resulted 21 

in greater activation and expansion of CD4 T cells in the draining lymph nodes.  Further 22 

analysis demonstrated that there was also preferential differentiation of CD4 T cells into 23 

T follicular helper cells, resulting in accelerated germinal center responses and 24 

emergence of high affinity virus specific antibodies. Given that CD6 conversely supports 25 

CD4 T cell activation in many autoimmune models, we probed potential mechanisms of 26 

CD6 mediated suppression of CD4 T cell activation during viral infection.  Analysis of 27 

CD6 binding proteins revealed that infection induced upregulation of Ubash3a, a 28 

negative regulator of T cell receptor signaling, was hindered in CD6 deficient lymph 29 

nodes. Consistent with greater T cell activation and reduced UBASH3a activity, the T 30 

cell receptor signal strength was intensified in CD6 deficient CD4 T cells. These results 31 

reveal a novel immunoregulatory role for CD6 in limiting CD4 T cell activation and 32 

deterring CD4 T follicular helper cell differentiation, thereby attenuating antiviral humoral 33 

immunity. 34 

 35 

Importance (147 words) 36 

CD6 monoclonal blocking antibodies are being therapeutically administered to inhibit T 37 

cell activation in autoimmune disorders.  However, the multifaceted nature of CD6 38 
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allows for multiple and even opposing functions under different circumstances of T cell 39 

activation. We therefore sought to characterize how CD6 regulates T cell activation in 40 

the context viral infections using an in vivo murine coronavirus model.  In contrast to its 41 

role in autoimmunity, but consistent with its function in the presence of superantigens, 42 

we found that CD6 deficiency enhances CD4 T cell activation and CD4 T cell help to 43 

germinal center dependent antiviral humoral responses.  Finally, we provide evidence 44 

that CD6 regulates transcription of its intracellular binding partner UBASH3a, which 45 

suppresses T cell receptor signaling and consequently T cell activation.   These findings 46 

highlight the context dependent flexibility of CD6 in regulating in vivo adaptive immune 47 

responses, which may be targeted to enhance anti-viral immunity.   48 
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Introduction 49 

T cell activation through engagement of the T cell receptor (TCR) is critical to 50 

combat pathogens and tumors but can also cause detrimental injury if left unchecked. 51 

For this reason, T cell activation is a highly complex process involving multiple layers of 52 

regulation that are dependent on the concise orchestration of numerous signaling and 53 

scaffolding proteins. Consequently, the diverse composition of the TCR signalosome 54 

allows for significant flexibility in the strength of the TCR signal, which, rather than a 55 

simple binary “yes or no” signal, the strength of the TCR governs T cell activation, 56 

survival, and functional differentiation1-4.  57 

 The intensity of the TCR signal is fine-tuned by, among other mechanisms, TCR 58 

co-receptors that can enhance (co-stimulatory) or dampen (co-inhibitory) the TCR signal 59 

strength. CD6 is a cell-surface glycoprotein that has been demonstrated to function as 60 

both a TCR co-stimulatory or a co-inhibitory receptor during T cell activation in a context 61 

dependent manner5,6.  The functional heterogeneity of CD6 resides in its cytoplasmic 62 

tail, which constitutes one of the longest leukocyte intracellular domains, thus making it 63 

challenging to characterize the CD6 signaling cascade and identify mechanisms by 64 

which it regulates TCR signaling 5-7.  A number of CD6 intracellular binding proteins that 65 

positively propagate the TCR signal, most notably SLP76 and Zap70, have been 66 

confirmed.  Conversely, few CD6 signaling proteins that negatively regulate TCR 67 

signaling have been identified. However, Ubiquitin associated and SH3 domain 68 

containing A (UBASH3a), formally known as suppressor of T cell signaling 2 (STS-2), 69 

was recently determined to directly interact with the cytoplasmic tail of CD6 5-7.   70 
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While characterization of the CD6 signaling pathways remains incomplete, CD6 71 

polymorphisms have been linked to either the susceptibility or severity of multiple 72 

autoimmune diseases9-11.  Furthermore, in preclinical murine models of autoimmunity, 73 

inhibition of CD6 signaling was shown to prevent TCR co-stimulation, thereby limiting 74 

activation of autoreactive T cells15. Therefore, monoclonal CD6 blocking antibodies 75 

have been developed as clinical therapeutic treatments8.  To this point, the anti-CD6 76 

monoclonal antibody Itolizumab has been approved and is in use clinically in India for 77 

the treatment of psoriasis8. CD6 blockade has also shown promise in clinical trials for 78 

the treatment of rheumatoid arthritis and has recently gained interest as a potential 79 

cancer therapy12-14.  However, despite indications that CD6 has a suppressive role in 80 

the presence of bacterial superantigens, the function of CD6 in the context of infectious 81 

disease remains under-studied16.    82 

Given the opposing functions of CD6 in different disease and clinical settings, we 83 

sought to determine how CD6 regulates T cell activation in an established model of viral 84 

encephalomyelitis. The attenuated recombinant neurotropic murine beta coronavirus 85 

MHV-A59 (mCoV), was chosen for this study as both the CD4 T helper 1 (TH1) cells 86 

and cytotoxic CD8 T cells are essential for the control of infectious virus within the 87 

CNS17-20.  Furthermore, the generation of mCoV-specific antibodies is dependent on the 88 

CD4 follicular helper (TFH) cells, which mediate both germinal center (GC) formation as 89 

well as somatic-hypermutation of the B cell immunoglobulin variable chain, thus 90 

enabling the generation of high-affinity class switched antigen-specific B cells20-22.   91 

 The study herein revealed that the absence of CD6 resulted in greater CD4 T cell 92 

activation in the CNS draining cervical lymph nodes (cLNs) following mCoV infection.  93 
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An increase in total CD4 T cell numbers was accompanied by more pronounced 94 

differentiation into CD4 TFH cells.  As a result, cLN GC reactions were accelerated, 95 

complemented by the rapid appearance of high-affinity mCoV-specific antibodies in the 96 

serum of CD6 knockout (KO) mice.  Increased CD4 T cell activation in the absence of 97 

CD6 was associated with impaired transcriptional upregulation of the established 98 

negative regulator of TCR signaling Ubash3a 6-7.  In agreement with increased CD4 T 99 

cell activation and decreased UBASH3a activity, the intensity of the TCR signal was 100 

greater in CD6 deficient CD4 T cells.  These data are the first to link CD6 with 101 

transcriptional upregulation of Ubash3a and reveal pivotal novel roles of CD6 as a 102 

negative regulator of antiviral CD4 T cell activation, CD4 TFH cell differentiation, and 103 

antiviral humoral responses.   Overall, these results highlight the context dependent 104 

functions of CD6 in regulating adaptive immune responses.  105 
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Materials and Methods 106 

Mice and Infections:  All procedures involving mice were approved by the Institutional 107 

Animal Care and Use Committee of Cleveland Clinic and carried out in accordance with 108 

the US Department of Health and Human Services Guide for the Care and Use of 109 

Laboratory Animals and institutional guidelines.  CD6 KO mice on the DBA-1 110 

background were generated in the laboratory of Dr. Feng Lin and maintained under 111 

pathogen-free conditions in the Cleveland Clinic Lerner Research Institute animal facility 112 

15.   WT controls were also maintained onsite and housed in the same room with 113 

occasional supplementation as well as rejuvenation of the breeders with mice 114 

purchased from Jackson Laboratory (strain number 000670).  As previously reported17, 115 

21-23 6–8-week-old gender matched male and female WT and CD6 KO mice were 116 

intracranially (IC) infected with 10,000 PFU of the recombinant mCoV strain MHV-A59 117 

whose non-essential open reading frame of gene 4 had been replaced with enhanced 118 

green fluorescent protein and was generously provided by Dr. Das Sarma24. 119 

 120 

Flow cytometry: The CNS draining deep cLN, brains, and spinal cords were isolated 121 

from phosphate buffer saline perfused mice.  Tissues were finely minced, and single-122 

cell suspensions obtained after mechanical homogenization through a 70micron 123 

strainer.  Myelin was removed from CNS tissue by centrifugation at 850g for 45min at 124 

4°C in 30% Percoll (Cytiva 17089101).  After washing in 1X PBS, cells were 125 

resuspended in FACS buffer (1X PBS, 1% BSA, +/- 0.1% NaN3) and stained with 126 

fluorescently conjugated antibodies in the presence of FC block (clone 2.4G2) for 30min 127 

at 4 degrees.  The following antibodies were used: CD45 (clone 30-F11), CD3 (clone 128 
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17A2), CD4 (clone RM4-5), CD8 (clone 53-6.7), CD44 (clone IM7), CXCR5 (clone 2G8), 129 

PD1 (clone 29F.1A12), CD6 (J90-462), CD19 clone (clone 1D3), IgD (clone 11-26c.2a), 130 

GL7 (clone GL7), and CD138 (clone 281-2).  After staining, cells were washed and 131 

either resuspended in FACS buffer containing DAPI dye for immediate analysis or 132 

stained with fixable live/dead dyes (Invitrogen Catalog number: L34957 or Beckman 133 

Coulter Catalog number: C36628) according to manufacturer’s protocol followed by 134 

fixation in 4% PFA. The eBioscience FoxP3/ Transcription Factor Staining Kit was used 135 

for intracellular staining according to the manufactures protocol. The following 136 

antibodies were used: BCL6 (clone K112-91), Tbet (clone ebio4B10), and IRF4 (Clone 137 

IRF.3E4) in the presence of FC block.  Cells were collected using a 6-laser Beckman 138 

CytoFLEX LX.  The resulting data were compensated and analyzed with FlowJo 139 

software (Tree Star, Inc., Ashland, OR) using the gating strategy exemplified in 140 

Supplemental Figure 1. 141 

 142 

Immunofluorescence: The CNS draining deep cLN were isolated from phosphate 143 

buffer saline perfused mice and snap-frozen in Tissue-Tek O.C.T (Fisher). 10micron 144 

slices were obtained using a Leica CM3050 cryostat and slide-mounted.  Sections were 145 

fixed in 4% PFA and permeabilized with Triton X-100. After blocking, cLNs were stained 146 

with anti- CD3 (clone 17A2), GL7 (clone GL7), and B220 (clone RA3-6B2).  147 

Corresponding secondary antibodies were used as necessary and sections were 148 

mounted using ProLong Gold Antifade Mountant with DNA Stain DAPI. Entire cLNs 149 

were scanned at 20X or 40X magnification using a Leica DM6B upright microscope 150 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2024. ; https://doi.org/10.1101/2024.07.26.605237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.26.605237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

equipped for Fluorescence and Brightfield microscopy.  Images were analyzed using 151 

Image J software (NIH; 152 

http://rsbweb.nih.gov/ij) implementing the FIJI plugin set (http://pacific.mpi-153 

cbg.de/wiki/index.php/Fiji). 154 

 155 

Quantitative real-time PCR: The cLNs, brains, and spinal cords were isolated from 156 

phosphate buffer saline perfused mice and immediately placed in trizol or Qiagen RLT 157 

buffer on ice.  Tissue was homogenized using the Qiagen TissueLyser with stainless-158 

steel beads and stored at -80°C.  RNA was isolated according to the manufacturer’s 159 

instructions.  Samples were DNaseI treated (Invitrogen Catalog number: 18068015) 160 

according to the manufacturer’s instructions and cDNA was synthesized using MMLV 161 

reverse transcriptase (Invitrogen Catalog number: 28025021).  Quantitative real-time 162 

PCR was performed using PowerUp SYBR Green Master Mix (Fisher A25742) on a 163 

7500 fast real-time PCR system (Applied Biosystems, Foster City, CA). Transcript levels 164 

were calculated relative to the levels of the Gapdh housekeeping gene using the 165 

following cycle threshold (C T) formula: 2 ^[CT(Gapdh) - CT(target gene)]. 166 

Primers for glyceraldehyde 3-phosphate dehydrogenase (Gapdh), activation-167 

induced cytidine deaminase (Aicda), T-box transcription factor 21 (Tbx21), and ubiquitin 168 

associated and SH3 domain containing A (UBASH3a) were purchased for Sybr Green 169 

analysis from Qiagen (Catalog number: 330001). All other primers are as follows: 170 

Il17 (F: CTCCACCGCAATGAAGAC and R: CTTTCCCTCCGCATTGAC),  171 

Foxp3 (F: CTGCTCCTCCTATTCCCGTAAC and R: AGCTAGAGGCTTTGCCTTCG), 172 

Ifng (F: CCAAGTTTGAGGTCAACAACCC and R: AACAGCTGGTGGACCACTC),  173 
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mCoV-N (F: GCCAAATAATCGCGCTAGAA and R: CCGAGCTTAGCCAAAACAAG),  174 

Irf4 F: (GAACGAGGAGAAGAGCGTCTTC and R: GTAGGAGGATCTGGCTTGTCGA)  175 

 176 

mCoV-specific IgG ELISA and affinity index50: As previously described25-26, serum 177 

collected from individual infected mice was serially diluted across virus-coated ELISA 178 

plates.  After incubation and washing, mCoV-specific antibodies bound to virus coated 179 

plates were detected using HRP conjugated anti-mouse IgG antibodies, TMB substrate, 180 

and ELISA stop solution.  A dilution in which the fluorescence intensity was well within 181 

the linear curve was used to determine differences between WT and CD6 KO mice 182 

using optical density.  Naïve controls were used to determine background signal.  For 183 

tissue antibody detection, whole tissue was placed in ice cold PBS and homogenized 184 

using a Dounce Homogenizer.  Cells and debris were removed by centrifugation and 185 

the supernatant stored at -80º C prior to serial dilution as performed with serum 186 

samples.  Data was plotted across all dilutions tested.   187 

At a concentration that was experimentally determined using the above mCoV-188 

specific ELISA, samples were incubated on virus-coated plates overnight.  After 189 

washing, serial dilutions of ammonium thiocyanate (3M-0M) were added to each sample 190 

and incubated for 15min on a shaker at room temperature.  After washing mCoV-191 

specific antibodies still bound to the virus coated plate were detected using HRP 192 

conjugated anti-mouse IgG antibodies, TMB substrate, and ELISA stop solution.  The 193 

Affinity index 50 was determined as the concentration of ammonium thiocyanate at 194 

which 50% of the antibody signal was lost27-29.   195 

 196 
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Statistics: GraphPad Prism software was used to plot data points with SEM for error 197 

bars.  Statistical significance was determined using GraphPad Prism Software as 198 

specified in the figure legends.   199 
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Results 200 

 201 

CD6 suppresses adaptive immune cell expansion and activation after mCoV 202 

infection. 203 

To assess a potential role for CD6 in regulating T cell activation during viral 204 

encephalomyelitis CD6 KO and wild type (WT) control mice were intracranially (IC) 205 

infected with an attenuated recombinant murine Coronavirus (mCoV) strain MHV-A5924.  206 

In the absence of CD6 there was greater expansion of the CD4 T cells in the cLNs as 207 

early as day 4 post infection (PI), which was sustained at day 7 PI (Figure 1A).  In 208 

addition, a greater percentage of CD4 T cells expressed high levels of the activation 209 

marker CD44 (Figure 1B).  Examination of the CD8 T cell population revealed 210 

transiently increased expansion at day 4PI that contracted to WT levels by day 7 PI 211 

(Figure 1C), although increased activation was evident at both days 4 and 7PI (Figure 212 

1D). Importantly, no significant differences in T cell numbers or activation statuses were 213 

observed in cLNs of naïve CD6 KO compared to WT mice (Figure 1A-D).  Interestingly, 214 

the total number of B cells in the CD6 KO cLNs was also elevated at day 7PI (Figure 215 

1E).  However, within the cLNs and brain CD6 was only detectable on CD4 and CD8 T 216 

cells despite reports that CD6 is expressed on B1a B cells and some CD56 expressing 217 

NK cells30, 31 (Supplemental Figure 2A-D). Importantly, the increased lymphocyte 218 

activation in the CD6 KO cLNs could not be attributed to increased viral loads as 219 

transcripts of the mCoV nucleocapsid protein (N) were similar between WT and CD6 220 

KO cLNs (Figure 1F).  Therefore, inhibition of CD6 signaling resulted in greater CD4 T 221 

cell activation and expansion, followed by increased B cell accumulation in the cLNs 222 
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after CNS infection with mCoV. These data contrasted studies of CD6 function in 223 

experimental autoimmune models, but are consistent with in vitro analysis of CD6 224 

during bacterial superantigen exposure15-16, 46-47.  225 

 226 

CD6 regulates CD4 T helper cell differentiation. 227 

Given the expansion of cLN B cells, which do not express CD6, we next 228 

examined if CD4 TFH differentiation was altered in CD6 KO cLNs. Flow cytometry 229 

analysis revealed that, even when normalized for the increase in total CD4 T cell 230 

numbers, there was increased differentiation of CD4 T cells into TFH cells (PD1+, 231 

CXCR5+) as early as day 4PI, which was sustained through at least day 7PI in CD6 KO 232 

cLNs (Figure 2A). CD4 T cells expressing BCL6, the transcription factor essential for 233 

TFH cell differentiation, was also elevated in CD4 T cells from CD6 KO cLNs compared 234 

to WT cLNs at day 4 and 7PI (Figure 2B)32.  Conversely, the percent of CD4 T cells 235 

expressing T-bet, the transcription factor essential for TH1 differentiation, was similar 236 

between WT and CD6 KO mice33 (Figure 2C).  Therefore, the increase in total T-bet+ 237 

CD4 T cells was consistent with the overall increase in total CD4 T cells and not greater 238 

skewing towards TH1 differentiation.  There was also no significant difference in Ifng 239 

transcript levels indicating that the CD4 TH1 effector response was not significantly 240 

altered in CD6 KO mice (Figure 2D).  Il17 mRNA could not be detected in either WT or 241 

CD6 KO cLNs (data not shown), and no difference in Foxp3 mRNA transcripts was 242 

observed (Figure 2E). Taken together these data demonstrate that CD6 is able to limit 243 

CD4 TFH cell differentiation in addition to suppressing overall T cell activation and 244 

expansion following mCoV infection.   245 
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 246 

GC differentiation is enhanced in CD6 KOs during infection.  247 

To our knowledge this is the first time that CD6 has been linked to regulating TFH 248 

cell differentiation.  We therefore analyzed the in vivo effector capacity of CD4 TFH cells 249 

generated in the CD6 KO mice by examining cLN GC formation.  Subsequent to the 250 

appearance of CD4 TFH cells in the CD6 KO cLNs, a larger fraction of B cells in the CD6 251 

KO cLNs had downregulated cell surface IgD, indicative of early activation (Figure 3A).  252 

Similarly, a greater proportion of the already enlarged CD19 B cell population also 253 

expressed the GC B cell marker GL7 at day 7 PI in CD6 KO cLNs (Figure 3B). 254 

Accelerated GC reactions in CD6 KO cLNs were further confirmed by accelerated 255 

transcription of Aicda, encoding the AID enzyme which is responsible for B cell somatic 256 

hypermutation and antibody isotype switching34 (Figure 3C). Therefore, accelerated and 257 

enhanced CD4 TFH cell differentiation was followed by increased B cell activation and 258 

GC responses.  We further confirmed that GC structures were properly forming within 259 

CD6 KO cLNs at day 14PI, a time when GCs were easily discernable in WT cLNs, by 260 

examining the accumulation of GL7+ B cells within the cLN B cell follicle20, 35, 36 (Figure 261 

3D).  Consistent with accelerated GC somatic hypermutation, mCoV-specific IgG 262 

antibodies with increased affinity for mCoV were selectively detected in CD6 KO sera at 263 

day 14PI (Figure 3E).  Importantly, prior to GC formation we found no difference in the 264 

affinity or concentrations of serum mCoV-specific IgG antibodies (Figure 3E-F).   265 

Extended analysis of the GC responses revealed that cLN cellularity was 266 

undergoing contraction by day 21 PI. However, contraction of the CD45+ cellular 267 

population was significantly greater in the CD6 KO cLNs (Supplemental Figure 3A).  268 
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Mirroring the CD45+ population, contraction of the CD4 T cell population was also 269 

greater in CD6 KO mice at day 21PI (Supplemental Figure 3B).  However, the 270 

proportion of CD4 TFH cells from the total CD4 T cell population was comparable 271 

between CD6 KO and WT cLNs (Supplemental Figure 3C). B cell contraction was also 272 

trended as increased in the CD6 KO cLNs at day 21PI, but did not reach statistical 273 

significance (Supplemental Figure 3D).  The relative proportion of GL7+ GC B cells 274 

within the IgD- B cell population remained comparable between WT and CD6 KO cLNs 275 

(Supplemental Figure 3E).   276 

Analysis of the humoral response revealed that high-affinity serum mCoV-277 

specific IgG antibodies were detectable in WT mice by day 21 PI, but affinity was still 278 

higher for mCoV-specific IgG antibodies in CD6 KO sera (Supplemental Figure 3F).  279 

Intriguingly though, by day 28PI we could no longer detect significant differences in the 280 

affinity of serum mCoV-specific IgG antibodies between WT and CD6 KO mice 281 

(Supplemental Figure 3F).  Semi-quantification of serum mCoV-specific IgG antibodies 282 

also revealed that titers were transiently higher in the circulation of CD6 KO mice at day 283 

21 but not at day 28 PI (Supplemental Figure 3F).  Whether the enhanced contraction of 284 

CD45+ cells in CD6 KO cLNs is a direct result of an essential role for CD6 in sustaining 285 

antiviral adaptive immune responses, or an indirect of some altered antiviral 286 

pathogenesis in CD6 KO mice remains under investigation.  Taken together these data 287 

demonstrate that the increased CD4 TFH cell differentiation in CD6 KO cLNs was 288 

capable of driving accelerated B cell activation and functional GC responses leading to 289 

accelerated secretion of high-affinity class-switched virus-specific antibodies.   290 

 291 
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Expression of the CD6 intracellular binding protein UBASH3a is suppressed in 292 

CD6 KO mice and coincides with stronger TCR signaling. 293 

 To date, CD6 has predominantly function as a TCR co-stimulatory receptor 294 

during T cell activation in vitro6, 7, 37.  Therefore, characterization of the CD6 signaling 295 

pathway has primarily identified positive regulators of TCR signaling6, 7, 37. However, 296 

CD6 has also been shown to directly associate with the negative regulator of T cell 297 

activation UBASH3a6, 7.  Unexpectedly, Ubash3a transcription was substantially 298 

upregulated in the cLNs of WT mice but was largely abrogated in CD6 KO cLNs in 299 

response to mCoV infection (Figure 4A).   300 

We therefore sought to substantiate a functional UBASH3a deficiency in CD6 KO 301 

CD4 T cells in vivo.  While the molecular functions of UBASH3a are poorly delineated, it 302 

is established to have weak phosphatase activity38, 39 and to negatively regulate cell-303 

surface TCR/CD3 complexes on CD4 T cells40, 41. In the absence of a defined mCoV-304 

epitope on the MHCII H-2q background, and thus antigen-specific T cell tetramers, we 305 

assessed CD3 expression on the entire CD44+ CD4 T cell population, as well as early 306 

differentiating CD4 TFH cells. In the absence of CD6, cell-surface CD3 was modestly 307 

increased in both total CD44+ CD4 T cells (Figure 4B) and CD4 TFH cells (Figure 4C).   308 

While the degree of cell-surface CD3 elevation was minor, it was consistent with the 309 

degree of change observed in UBASH3a knockdown studies40. These results supported 310 

that CD6 may utilize UBASH3a to suppress T cell activation in cLNs during mCoV 311 

infection. 312 

As UBASH3a is a negative regulator of TCR signal strength, we next assessed 313 

differences in the strength of TCR signal in cLN CD4 T cells from infected CD6 KO and 314 
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WT mice by measuring the transcription factor IRF4, an established dose-dependent 315 

readout of the TCR signal strength1, 4, 42-45. Given the increase in GC responses Irf4 316 

transcripts were unsurprisingly highly elevated by day 7 PI in CD6 KO compared to WT 317 

cLNs (Figure 4D).  Target analysis of CD4 T cell populations by flow cytometry 318 

confirmed that a higher percentage of CD6 KO CD44+ CD4 T cells express high levels 319 

of IRF4, signifying that CD6 KO T cells had stronger TCR signaling after mCoV infection 320 

(Figure 4E).  During the early stages of CD4 TFH cell differentiation (day 4PI), CD6 KO 321 

CD4 TFH cells also displayed elevated IRF4 expression (Figure 4F-G).  However, by day 322 

7PI all of the CD4 TFH cells were IRF4 positive, with most being IRF4high (Figure 4F).  323 

Taken together, these data strongly implicate that CD6 suppresses T cell activation 324 

during mCoV infection through UBASH3a mediated negative regulation of the TCR 325 

signaling. 326 

 327 

CD6 regulates peripheral, but not CNS, humoral immunity during mCoV induced 328 

encephalomyelitis.  329 

We next examined the adaptive immune responses within the mCoV infected 330 

CNS.  Consistent with greater activation and expansion in the cLN, CD4 T cell numbers 331 

were elevated in the CD6 KO infected brain at day 7PI (Figure 5A).  On the other hand, 332 

CD8 T cell infiltration of the brain was not significantly altered at day 7PI (Figure 5B).  333 

Ifng transcripts were similar between WT and CD6 KO brains (Figure 5C) and Il17 334 

transcripts remained undetectable (Figure 5D).  The elevated total number of CD4 T 335 

cells in CD6 KO infected brains was thus not associated with overt differences in T cell 336 

effector activity.  Furthermore, comparable antiviral effector T cell responses were 337 
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supported by congruent kinetics of viral control between WT and CD6 KO brains and 338 

spinal cords as measured by viral nucleocapsid (N) specific transcripts (Figure 5E).    339 

The total number of B cells in the CD6 KO mCoV infected brains was also 340 

elevated at day 7PI (Figure 5F).  This was notable as most of the B cells in the brain at 341 

this early timepoint are IgD+IgM+ B cells that migrate to the CNS in response to the 342 

inflammation20-21. More surprisingly, analysis of supernatants from dissociated WT and 343 

CD6 KO brain and spinal cord tissue revealed similar levels of virus-specific IgG 344 

antibodies across multiple dilutions as well as comparable mCoV affinity at day 21PI 345 

(Figure 5G-H).  Therefore, while CD6 KO mice transiently had greater mCoV-specific 346 

IgG responses in the periphery at day 21PI (Supplemental Figure 3 F), there were no 347 

detectable changes within the infected CNS at this time point. Thus, these data 348 

implicated that CD6 predominantly regulates the peripheral CD4 T cell and humoral 349 

responses at the priming site, with minimal impact in the infected CNS during mCoV 350 

infection. 351 

352 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2024. ; https://doi.org/10.1101/2024.07.26.605237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.26.605237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

Discussion 353 

 The dual functions of CD6 as a positive and negative regulator of T cell activation 354 

are well established, but its influence on T cell responses during viral infections have 355 

not been studied.  In this report, we investigated how the absence of CD6 affects T cell 356 

activation using a neurotropic mCoV model, in which CD4 and CD8 T cells are both 357 

essential to control infectious virus. Our results demonstrate that CD6 acts as a 358 

negative regulator of CD4 T cell activation in CNS draining cLN following virus infection. 359 

In addition, we have discovered a previously unrecognized role for CD6 in limiting 360 

CD4TFH cell differentiation and, by extension, delaying GC responses.  These novel 361 

findings have significant clinical implications for patients receiving therapeutic CD6 362 

blocking antibody treatments.   363 

The function of CD6 as a negative regulator of T cell activation during mCoV 364 

encephalomyelitis stands in stark contrast to its co-stimulatory role in multiple 365 

autoimmune models including autoimmune encephalitis and autoimmune uveitis 5-6, 15-16, 366 

46-47. Importantly, the opposing functions of CD6 in CD4 T cell activation are not easily 367 

attributed to murine intrinsic factors, as the CD6 KO mice used herein were generated 368 

from the same colony and housed in the same facility as in the above mentioned 369 

autoimmune studies15-16. Unfortunately, further comparison between autoimmune and 370 

virus models is complicated by numerous factors; In the autoimmune encephalomyelitis 371 

and uveitis models T cell activation is dependent on immunization with self-peptide or 372 

antigen in adjuvant resulting in the induction of both Th1 and Th17 CD4 T cells15, 46, 373 

whereas virus-specific T cells are activated by replicating virus and presentation of viral 374 

antigen generating an exclusive Th1 response17-20. These models also utilize distinct 375 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2024. ; https://doi.org/10.1101/2024.07.26.605237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.26.605237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

innate immune scavenging, pattern recognition receptors, and antigen presenting cells, 376 

all of which also contribute to the outcome of T cell activation48-50. It is thus reasonable 377 

that such distinct innate input signals in vivo would influence differential expression of 378 

the extracellular CD6 ligands and/ or CD6 intracellular interacting proteins, leading to 379 

distinct outcomes of CD6 signaling.    380 

To this end, analysis of the established CD6 intracellular signaling proteins 381 

identified UBASH3A as a primary candidate responsible for CD6 mediated dampening 382 

of CD4 T cell activation following mCoV infection. Ubash3a mRNA transcripts increased 383 

in the cLNs of WT mice, while upregulation was drastically impaired in CD6 KO cLNS.   384 

Consistent with UBASH3a knockdown studies and diminished UBASH3a activity, cLN 385 

CD4 T cells from CD6 KO mice had modest, but significantly, increased accumulation of 386 

cell-surface CD340. While these fairly minor changes in increased cell-surface CD3/TCR 387 

complexes are unlikely to result in enhanced T cell activation, as few as 500 TCR 388 

complexes have been implicated to be sufficient for T cell activation in vivo51.  389 

UBASH3a is incompletely characterized, but is known to suppress TCR signaling, at 390 

least in part through suppression of ZAP-70 signaling in a ubiquitin and phosphatase-391 

dependent manner39, 52-53.  Since TCR signaling is established to directly upregulate 392 

IRF4 in a dose-dependent manner in both CD8 and CD4 T cells43, 44, 45, IRF4 expression 393 

was used as a readout to measure how loss of UBASH3a in CD6 KO mice affected the 394 

TCR signal strength.  Indeed, IRF4 protein levels were higher in CD6 KO CD4T cells 395 

compared to WT CD4 T cells from the cLNs, confirming that the absence of CD6 396 

produced a stronger TCR signal. Overall, the novel finding that CD6 influences 397 

Ubash3a expression in the mCoV infection model implicates that UBASH3a exerts 398 
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inhibitory effects on TCR signaling through CD6. Although UBASH3a is known to 399 

suppress T cell activation and proliferation in vitro and in autoimmune diabetes54, 400 

UBASH3a regulation has not been explored in studies focusing on CD6.  Therefore, 401 

analysis of UBASH3a in autoimmune diseases where CD6 acts as a positive regulator 402 

of T cell activation may shed light on the pathogenic role of CD6. 403 

 Unexpectedly, CD6 KO CD4 T cells also showed preferential differentiation into 404 

CD4 TFH effectors.  While TCR-signal strength is an established determinate of T helper 405 

cell differentiation1-4, mechanistic studies to assess how CD6 signaling proteins, 406 

including UBASH3a, regulate CD4 TFH cell differentiation will require the development of 407 

complex in vitro assays that mimic T cell activation during mCoV infection in vivo.  408 

Nevertheless, the accelerated and enhanced TFH cell development correlated with 409 

earlier and elevated titers of high-affinity class-switched virus-specific antibodies in the 410 

serum of CD6 KO mice. Of note, the difference in the total number of CD44+ CD4 T 411 

cells could not be completely explained by the magnitude of change in CD4 TFH cells.  412 

As we were unable to detect changes in other CD4 T helper cells, and there are 413 

indications that both CD6 KO and UBASH3a KO T cells may have a lower threshold for 414 

activation homeostatically, it is likely that there is some degree of non-specific T cell 415 

recruitment and activation contributing to the greater accumulation of CD4 T cell in the 416 

CD6 KO cLNs15, 60. 417 

Distinct from the periphery, we found no difference in mCoV-specific IgG 418 

antibodies within the CNS itself.  We are currently investigating whether early changes 419 

in the CD6 KO cLNs alters the differentiation, survival, or migratory capacity acquired of 420 

antibody secreting cells during GC differentiation55.  To this end, it is worth noting that 421 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2024. ; https://doi.org/10.1101/2024.07.26.605237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.26.605237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

the predominant ligand of CD6, CD166, was found to be essential for pathogenic B cells 422 

to infiltrate the CNS during experimental autoimmune encephalitis56. Interestingly 423 

though, while CD6 appears to facilitate T cell migration in autoimmune 424 

encephalomyelitis15, it was redundant for T cell infiltration into the virally infected CNS.  425 

This redundancy may also explain why CD6 was essential to sustain dendritic cell-T cell 426 

interaction during antigen presentation in vitro, but not in this in vivo setting61. 427 

Overall, these data indicate that the clinically used CD6 blocking antibody 428 

treatments may be beneficial to antiviral immunity. A limitation of the mCoV model is 429 

that acute viral replication in the CNS is controlled by T cells and not the humoral 430 

response, which was reflected in the similar kinetics of virus control between the WT 431 

and CD6 KO CNS. Therefore, the biological significance of the accelerated antiviral-432 

humoral response in the absence of CD6 may be more readily revealed in a model 433 

where GC-derived humoral responses are essential to prevent viral dissemination to the 434 

CNS. CD6 may also potentially be exploited during the administration of traditional and 435 

mRNA-based vaccines.  As Itolizumab has been in use in India since 2013 and given 436 

the number of clinical trials ongoing during the COIVD-19 pandemic, it may be feasible 437 

to examine antiviral humoral responses during vaccination as well as primary SARS-438 

CoV2 infections in patients that had been receiving CD6 monoclonal blocking antibody 439 

therapies8, 12, 57-59.   440 

In summary, we have identified novel roles for CD6 as a negative regulator of 441 

both CD4 T cell and GC-derived antiviral humoral responses. CD6 inhibition of these 442 

responses appears to be T cell intrinsic and associated with a deficit in UBASH3a 443 

mediated suppression of CD4 T cell TCR signal. The number of ongoing clinical trials 444 
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examining the efficacy of CD6 blockade necessitates further interrogation of its role 445 

during viral infections and vaccination, especially given the context dependent role of 446 

CD6 in T cell activation.          447 

  448 
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Figure 1: CD6 deficiency results in enhanced adaptive immune cell expansion 805 
and activation in the cervical lymph nodes after mCoV infection.  cLNs from WT 806 
and CD6 KO mice infected with 10,000 PFU of mCoV were taken at the indicated 807 
time points and analyzed by flow cytometry for the A) total number of CD4 T cells, B) 808 
percent of CD4 T cells that are CD44 high, C) total number of CD8 T cells, D) 809 
percent of CD8 T cells that are CD44 high, and E) total number of CD19 B cells. 810 
cLNs were also analyzed by F) qRT-PCR for transcripts of the mCoV nucleocapsid 811 
gene (N).  Each data point represents a single mouse and a minimum of two 812 
individual experiments were pooled for each time point.  Significance was 813 
determined using a Two-way ANOVA with a Bonferroni’s post-hoc test and denoted 814 
as * for p<0.05, ** for p<0.01, *** for p<0.001,and **** for p<0.0001.   815 

  816 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2024. ; https://doi.org/10.1101/2024.07.26.605237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.26.605237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 34 

Figure 2: CD6 regulates CD4 T helper cell differentiation in cervical lymph 817 
nodes after mCoV infection. cLNs from mCoV infected WT and CD6 KO mice 818 
were taken at the indicated time points and analyzed by flow cytometry for the 819 
proportion and number of CD4 T cells that are A) TFH cells (CXCR5+, PD1+), B) 820 
BCL6+, and C) T-Bet+.  cLNs s were also analyzed by qRT-PCR  for D) Ifng and E) 821 
Foxp3 transcripts.  Each data point represents a single mouse with experiments 822 
pooled from a minimum of two independent experiments for each time point.  Flow 823 
cytometry plots and histograms are of a representative WT(black) and CD6 KO (red) 824 
mouse. FMO staining controls (gray) were included in the day 4PI histograms.  825 
Significance was determined using a Two-way ANOVA with a Bonferroni’s post-hoc 826 
test or an unpaired T-test and denoted as * for p<0.05, ** for p<0.01, *** for 827 
p<0.001,and **** for p<0.0001. 828 
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Figure 3: Germinal centers are enhanced in the absence of CD6.  WT and CD6 830 
KO mice were infected with mCoV.  At day 4 and 7PI cLN CD19+ B cells were 831 
examined by flow cytometry for expression of A) IgD or B) GL7 (denoting germinal 832 
center B cells).  Additionally, qRT-PCR was used to analyze expression of C) Aicda 833 
in cLNs.  Day 14PI flash fozen cLNs were D) stained for B220 (red), GL7 (green), 834 
and CD3 (blue) to confirm GC formation within B cell zones. Serum collected at days 835 
4, 7, and 14 PI was analyzed for mCoV-specific IgG E) avidity index50 and F) titers 836 
by ELISA.  “()” indicates the experimentally determined concentration of the serum 837 
dilution used for the analysis. Each data point represents a single mouse and a 838 
minimum of two experiments were pooled for each time point.  Flow plots are of a 839 
representative mouse.  Significance was determined by Two-way ANOVA using a 840 
Bonferroni’s post-hoc test and denoted as * for p<0.05, ** for p<0.01, *** for 841 
p<0.001,and **** for p<0.0001. 842 
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Figure 4:   CD6-mediated control of Ubahs3a expression corresponds with 844 
decreased TCR signal strength.  cLNs from mCoV infected WT and CD6 KO mice 845 
were isolated at the indicated time points.  A) Ubash3a expression was quantified by 846 
qRT-PCR. The MFI of CD3 on B) CD44+ CD4 T cells and C) CD4 TFH cells at day 847 
4PI was used to monitor cell-surface CD3/TCR by flow cytometry. D) Irf4 848 
transcription in the cLNs was quantified by qRT-PCR.  The percent of E) CD44+ 849 
CD4 T cells and F) CD4 TFH cells that are IRF4high in the cLN as well as the G) MFI 850 
of IRF4 on CD44+ CD4 TFH cells  was analyzed by flow cytometry.  Each data point 851 
represents a single mouse and representative histograms are of one WT mouse in 852 
grey and one CD6 KO mouse in red. B, C, and H are data representative of a 853 
minimum of 2 experiments.  Significance was determined by Two-way ANOVA using 854 
a Bonferroni’s post-hoc test (A, D, E) or by unpaired T-Test (B-C and F-G) and 855 
denoted as * for p<0.05, ** for p<0.01, *** for p<0.001,and **** for p<0.0001. 856 
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Figure 5:   CD6 regulates peripheral, but not CNS, immune responses. CNS 858 
tissues were isolated from WT and CD6 KO mice at the indicated time points. The 859 
total number of A) CD4 T cells and B) CD8 T cells were quantified by flow 860 
cytometry.  mRNA transcripts of C) Ifng, D) Il17, and E) viral N gene were quantified 861 
in the indicated CNS tissues.  The total number of F) CD19 B cells in the brain was 862 
quantified by flow cytometry. mCoV-specific IgG antibodies in the CNS tissues were 863 
G) semi-quantified and H) measured for affinity using an avidity index50 assay.  Each 864 
data point represents a single mouse.  Significance was determined by A-B) Two-865 
way ANOVA using a Bonferroni’s post-hoc test, C-D) unpaired T-Test and E-G) 866 
Two-way ANOVA using a Bonferroni’s post-hoc test and denoted as * for p<0.05, ** 867 
for p<0.01, *** for p<0.001,and **** for p<0.0001.  868 
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Supplemental Figure 1: Representative gating strategy of mCoV infected cLNs 870 
at day 7PI. Singlet cells that fell into a lymphocyte FSC, SSC gate were analyzed for 871 
cell viability using a live/dead dye.  CD45+ live cells were then first A) analyzed for 872 
CD3e expression followed by CD4 or CD8 expression.  CD4 expressing T cells were 873 
then analyzed for activation CD44 and TFH cells by CXCR5 and PD1 co-expression.  874 
B) CD45+ cells were also analyzed for CD19, followed by GL7 expression or IgD 875 
expression.  Finally, IgD- B cells were examined for CD138.   876 
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 39 

Supplemental Figure 2: CD6 is expressed on CD4 and CD8 T cells.  A) cLNs 878 
and B) brains from naïve WT (n=4) and CD6 KO (n=2) mice were analyzed by flow 879 
cytometry for CD6 expression on the indicated population.  Representative 880 
histograms of CD6 expression in the naïve cLNs are shown in the left panel of (A).  881 
C) Representative flow cytometry plots from the naïve cLNs (left) and brain (right) 882 
demonstrating no detectable CD6 expression on CD45- cells. D) Representative 883 
histograms of cLNs were taken at day 4 (left) and 7 (right) PI of CD6 expression on 884 
live cells with T cells gated out.  E) CD6 expression on activated T cells at day 4PI in 885 
the cLNs was confirmed by flow cytometry.  All cells were identified by flow 886 
cytometery using the gating scheme depicted in Supplemental Figure 1.  Each data 887 
point represents an individual mouse and representative histograms and flow plots 888 
are from an individual WT (red) and CD6 KO (grey) mouse.   889 
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 40 

Supplemental Figure 3: Contraction in the cLNs is accelerated in CD6 KO 891 
mice.  cLNs from WT and CD6 KO mice were analyzed by flow cytometry at the 892 
indicated time point(s) to quantify A) total CD45+ cells (simplified graph of day 21PI 893 
alone on the right to illustrate the difference in contraction), B) total CD4 T cells C) 894 
the fraction of CD4 T cells that are CD4 TFH cells, D) total CD19 cells, and E) the 895 
percent of IgD- B cells that are GC B cells.  At days 21 and 28 PI the mCoV-specific 896 
IgG antibody F) avidity index50 (left) and titers (right) were measured across multiple 897 
experiments.  For all graphs each data points represents an individual mouse. 898 
Significance was determined by Two-way ANOVA using a Bonferroni’s post-hoc test 899 
or an unpaired T test and denoted as * for p<0.05, ** for p<0.01, *** for p<0.001,and 900 
**** for p<0.0001. 901 
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