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21 Abstract 

22 Memory T and B lymphocyte numbers are thought to be regulated by recent and cumulative 

23 microbial exposures. We report here that memory-phenotype lymphocyte frequencies in B, CD4 

24 and CD8 T-cells in 3-monthly serial bleeds from healthy young adult humans were relatively 

25 stable over a 1-year period, while recently activated -B and -CD4 T cell frequencies were not, 

26 suggesting that recent environmental exposures affected steady state levels of recently activated 

27 but not of memory lymphocyte subsets. Frequencies of memory B and CD4 T cells were not 

28 correlated, suggesting that variation in them was unlikely to be determined by cumulative 

29 antigenic exposures. Immunophenotyping of adult siblings showed high concordance in memory, 

30 but not of recently activated lymphocyte subsets, suggesting genetic regulation of memory 

31 lymphocyte frequencies. To explore this possibility further, we screened effector memory (EM)-

32 phenotype T cell frequencies in common independent inbred mice strains. Using two pairs from 

33 these strains that differed predominantly in either CD4EM and/or CD8EM frequencies, we 

34 constructed bi-parental bone marrow chimeras in F1 recipient mice, and found that memory T 

35 cell frequencies in recipient mice were determined by donor genotypes. Together, these data 

36 suggest cell-autonomous determination of memory T niche size, and suggest mechanisms 

37 maintaining immune variability.

38

39

40

41
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42 Introduction

43

44 Gene-environment interplay in immune phenotypes has been extensively studied using steady-

45 state cellular immune profiles (1–3), functional immune responses (2,4–8), post-vaccination 

46 responses (9,10) and V,D and J usage biases in naïve and memory T and B cell compartments 

47 (11). Some of these studies have identified genomic correlates associated with specific steady-

48 state immune phenotypes (2) and vaccine responses (12). However, there are conflicting findings 

49 regarding the relative importance of genetic versus environmental factors in regulation of 

50 immune phenotype (1,2,13,14), warranting further investigations at the population-level in 

51 humans and mechanistic studies in mice on regulation of individual immune phenotypes.

52

53 Memory subsets in T and B lymphocytes are immune populations that are generated in response 

54 to past immunogen exposure. Immunological memory, providing long-term persistence of 

55 antigen-experienced cells contributing to rapid and robust responses following re-exposure (15), 

56 is likely to have evolved in an ecosystem where environmental challenges including repeated 

57 infections would be the norm (16) and the persistence of long-lasting antigen-specific cells 

58 generated during immune responses would confer survival advantage (17). However, it is 

59 possible that larger memory lymphocyte pool sizes may carry costs such as restriction of space 

60 for the more repertoire-diverse naive T cell compartment (18), attrition of pre-existing memory 

61 (19), and other bioenergetic costs (20). Such selection may well result in ‘optimum’ sizes of 

62 memory lymphocyte pools (21), and these pool sizes could show population diversity, depending 

63 on the diversity of pathogens in the ecosystem and their exposure rates (22). Diversity in pool 

64 sizes of memory lymphocytes in a population could thus be determined by a combination of 

65 genetic variability and diversity of environmental exposures.

66
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67 A number of mechanisms can  be envisaged regulating the pool size of the memory T cell 

68 compartment, including cumulative life-time antigen-exposure and re-exposure, antigenic 

69 persistence, degree of expansion, cell survival, attrition and niche-space availability (21,23–26). 

70 Immune cells occupy a limited niche space in lymphoid organs (27) or in the periphery (28). This 

71 niche size could be a function of size and/or structure of supporting lymphoid tissue architecture 

72 (29), along with intrinsic properties of cells occupying the niche. Similar determinants could 

73 affect steady state levels of transient cell populations such as immediate-effector T cells (30) and 

74 plasmablasts, but their steady state levels would be expected to fluctuate more with short-term 

75 environmental changes. 

76

77 On this background, we have explored the possibility of gene-environment interplay affecting the 

78 steady state pool sizes of lymphocytes post-activation. We have used peripheral blood leucocyte 

79 immunophenotyping in serial bleeds from healthy young adult human volunteers to assess inter-

80 individual and temporal variability in lymphocyte memory and effector compartments, and report 

81 that while both categories showed inter-individual variability, temporal variability was far less in 

82 memory than in effector subsets. We have next used peripheral blood leucocyte 

83 immunophenotyping of human siblings, and report that memory lymphocyte subset pool sizes 

84 were far closer between siblings than between non-siblings. We then further confirmed a role for 

85 genetic factors in determining memory lymphocyte pool sizes in independent inbred mouse 

86 strains, in which bi-parental mixed bone marrow chimeras demonstrated a parental genotype-

87 driven inheritance of CD4 and CD8 T cell memory pool sizes. Together, our data from both 

88 humans and mice provide novel insights in the determination of memory lymphocyte pool size.

89
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90 Materials and methods

91 Ethics approval and consent to participate

92 Human:

93 Informed written consent was obtained from all human volunteers who participated in the study. 

94 The study was approved by ethics committees of National Institute of Immunology (approval 

95 number IHEC/AKS/45/2013) and All India Institute of Medical Sciences (approval number 

96 IEC/NP-471/2013). The methodologies used in the study were in accordance with approved 

97 guidelines. All experimental protocols used in this study were approved by Institutional Ethics 

98 Committee (Human Research) of National Institute of Immunology and All India Institute of 

99 Medical Sciences.

100 Animal:

101 Mice were maintained and used according to the relevant rules and regulations of Government of 

102 India and with the approval of Institutional Animal Ethics Committee, National Institute of 

103 Immunology (approval number 381/15). All mice experimental protocols were in accordance 

104 with approved guidelines and were approved by Institutional Animal Ethics Committee of 

105 National Institute of Immunology.

106 Human subjects and blood collection:

107 Forty-five healthy adult volunteers were recruited into the study and were bled 3-monthly for 12 

108 months (total of 4 bleeds). Individuals with acute or chronic illness, medication, recent 

109 vaccination or pregnancy in women were excluded. Ten ml heparinized peripheral blood was 

110 collected from healthy subjects after informed written consent. The study was approved by 

111 institutional ethics committee of National Institute of Immunology (NII). All protocols were in 

112 accordance with approved guidelines. For sibling study, 37 families were recruited, in which two 

113 or more siblings were willing for participation. The family-based study was approved by 

114 institutional ethics committees of NII and All India Institute of Medical Sciences (AIIMS). 
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115 Exclusion criteria were similar to that mentioned above. For looking at correlations between the 

116 various memory and effector cell subsets, we utilized the published raw data from a larger (n=71) 

117 cohort of adult healthy volunteers who participated in a previous study (31). 

118 Sample processing and flow cytometry of human samples:

119 Blood samples were processed without delay (less than three hours). Total leukocyte counts and 

120 differential counts were obtained from standard hematologic methods. Peripheral blood 

121 mononuclear cells (PBMCs) were separated by density gradient centrifugation. PBMCs were 

122 washed, counted and divided into aliquots of about 1 million cells per ml per vial and 

123 cryopreserved in 10% DMSO in bovine serum until assays were performed. For flow cytometry, 

124 PBMCs were thawed, washed and incubated with the following antibodies organized into two 

125 cocktails: The T cell cocktails consisted of CD3 (UCHT1, eBioscience), CD4 (OKT4, 

126 eBioscience), CD8 (SK1, eBioscience), CD45RO (UCHL1, eBioscience), CCR7 (150503, BD) 

127 and the B cell cocktail consisted of CD19 (SJ25C1, BD), CD20 (2H7, eBioscience), CD38 

128 (HIT2, eBioscience), CD43 (eBio84-3C1, eBioscience), CD27 (M-T271, eBioscience). A single 

129 control sample was run along with all the samples to ensure that gating is comparable across 

130 experiments. Samples were acquired in BD Verse and analysis was done using flowjo (Treestar). 

131 CD4 and CD8 memory cells were defined as the CD45RO+ fractions (32) of CD8 and CD4 cell 

132 compartments. Transient T effector-memory, RA+ve (TEMRA) cells were defined as CD45RO- 

133 CCR7- subsets (32) of CD8 cells and of CD4 cells. Memory B cells were defined as 

134 CD27+CD43- fraction of the CD19+CD20+ B cell subset (32). Plasmablasts were defined as the 

135 CD38+CD20- subset of CD19+ B cells (32).

136 Mice:

137 The following strains of mice were used for the study: C57Bl/6J, BALB/cJ, SJL/J, CBA/CaJ, 

138 B6.SJL-Ptprca Pepcb/BoyJ (B6.SJL), CB10-H2b/LilMcdJ (BALB/b), FVB/NJ, C3H/HeOuJ. 

139 Mice strains used in the study were obtained as breeder stock from the Jackson Laboratory (Bar 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 25, 2018. ; https://doi.org/10.1101/355313doi: bioRxiv preprint 

https://doi.org/10.1101/355313
http://creativecommons.org/licenses/by/4.0/


7

140 Harbor, ME) and bred and maintained under specific-pathogen free conditions in the Small 

141 Animal Facility of the National Institute of Immunology. All mice were maintained and used 

142 according to the relevant rules and regulations of Government of India and with the approval of 

143 Institutional Animal Ethics Committee, National Institute of Immunology. All experiments used 

144 age and gender matched mice. Littermates were used as controls. Phenotyping of mouse spleen T 

145 cells was done using the following antibodies (all from eBioscience): CD4 (RM4-5), CD8 (53-

146 6.7), CD44 (IM7), CD62L (MEL-14), CD25 (PC61.5), CD45.1 (A20) and CD45.2 (104). NK 

147 cells were phenotyped using the following antibodies (all from eBioscience): CD90 (53-2.1), 

148 B220 (RA3-6B2) and Ly49b (DX-5). Surface staining was done by incubating 1x106 cells in 

149 staining buffer (PBS containing 2% BSA and 0.05% NaN3) for 30 mins on ice. The cells were 

150 washed thrice with cold staining buffer and samples were acquired on BD Verse and analysis was 

151 done using flowjo (Treestar). 

152 Ex vivo cell preparations

153 Spleen was dissected from mice euthanized by cervical dislocation and teased between a pair of 

154 frosted slides to obtain single cell suspension. Red blood cells in the suspension were lysed by 

155 osmotic shock using water, washed and then re-suspended in complete medium.

156 Mix bone marrow chimeras 

157 F1 hybrids were irradiated at 800rads in gamma chamber (BARC, Mumbai) with Co60 as a source 

158 for gamma rays. Bone marrow cells from each parental strain were mixed in 1:2, 1:1 and 2:1 

159 ratios and a total of 15 million cells transferred into irradiated F1 generation mice (n=24 for 

160 B6.SJL - CBA/CaJ chimera and n=19 for SJL/J - BALB/cJ chimera) and reconstitution allowed 

161 for two months. Based on the ratio of CD45.1 to CD45.2 in reconstituted chimera, biological 

162 outliers showing extreme ratios more than 10- fold from the expected were removed from further 

163 analysis (4 outliers in B6.SJL - CBA/CaJ chimera and 2 outliers in SJL/J - BALB/cJ chimera 

164 were removed). Phenotyping was done by using above mentioned CD markers. Doublets were 
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165 excluded from the population using height and area parameters of forward and side scatter. 

166 CD4 effector memory cells were defined as the CD4+ CD25- CD44hi CD62Llo fractions and 

167 CD8 effector memory cells were defined as the CD8+ CD44hi CD62Llo fractions.

168 Statistical analysis

169 For frequency and cell count comparisons, a non-parametric test (Mann Whitney) was used. 

170 Correlations were estimated using Spearman’s correlation coefficient. The Bonferroni method 

171 was used to correct for multiple comparisons in testing the significance of elements of the 

172 pairwise correlation coefficient matrix. Bootstrapping (resampling) methods were used for 

173 comparison of intra-individual variances with between-individual variances and for comparison 

174 of sibling pairs vs unrelated pairs. Comparison of multiple inbred mouse strains was done using 

175 Analysis of Variance (ANOVA) with post-hoc testing for pair-wise comparison. 

176 Gene expression analysis

177 Gene expression (microarray) data of sorted splenic ‘naïve’ CD4+ve CD62L-ve CD4 T cells of 

178 mice published previously (33) was obtained from GEO database (accession: GSE60337) and 

179 analysed using GEO2R tool. Genes with p-value of less than 0.05 after multiple testing 

180 (Benjamini) was considered significantly differentially expressed. Gene Ontology enrichment 

181 analysis was done using web-based Gene Ontology enrichment analysis and visualization tool 

182 (34) (GORILLA) and Database for Annotation, Visualization and Integrated Discovery 

183 (DAVID)(35). To reduce false positive results in enrichment, in all enrichment analyses, the 

184 enrichment of candidate genes that were differentially expressed were analysed against a 

185 background of all the genes that were used in array experiment. 

186
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187 Results

188

189 Human peripheral T and B memory cell levels show temporal stability 

190

191 Firstly, we examined if variation in the memory T and B cell subsets in the population were 

192 relatively stable over time, or were significantly affected by fluctuations possibly contributed by 

193 short-term environmental exposures. To test this, we characterized the peripheral blood leucocyte 

194 subset phenotype of a group of human volunteers [n=45, male: female ratio = 26:19, mean age = 

195 27.16 years (SD = 6.75)] every 3 months for a period of 1 year. Gating strategy for the memory 

196 subsets is indicated in supplementary figure 1 (Fig S1).

197 Representative data of frequencies of each subset over 4 time points are shown in Fig S2 and are 

198 shown quantified in Figure 1. Variations of memory B, memory CD4 and memory CD8 

199 frequencies were significantly lower within individuals than between individuals (Fig. 1A, 1B, 

200 1C). On the other hand, intra-individual variances in plasmablasts (Fig. 1D) and CD4 TEMRA 

201 cells (Fig. 1E) were no different from inter-individual variances. When absolute cell numbers per 

202 µl blood were calculated, broadly similar trends were seen (Fig. 1G, 1H, 1I, 1J, 1K). Curiously, 

203 CD8 TEMRA frequencies (Fig. 1F) and counts (Fig. 1L) tended to be similar to CD8 memory 

204 (Fig. 1C, 1I) in that they showed lower intra-individual than inter-individual variation. These data 

205 suggested that intra-individual short-term fluctuations in memory B and T subsets are unlikely to 

206 be a major explanation for the variation that is seen in memory lymphocyte subsets in humans. 

207

208 Figure 1: Comparison of intra-individual and inter-individual variance for immune subsets 

209 in Humans. 

210 Box plots indicate median and interquartile ranges of variances of cell frequencies and counts in 

211 Human volunteers. Upper whisker extends till the highest value that is within 1.5 times the 
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212 interquartile range from 3rd quartile. Lower whisker extends till the lowest value that is within 

213 1.5 times the interquartile range from 1st quartile. Outliers are shown as dots. Intra-individual 

214 variances indicate variance of subset frequency or count over 4 time points in each individual 

215 (n=45). Inter-individual variances indicate variance of subset frequency or count in randomly 

216 chosen set of different individuals (n=45). P-values obtained by bootstrapping are as indicated in 

217 the panels. 

218

219

220 Correlations between CD4, CD8 and B cell memory 

221

222 Since memory cells can be long-lived and could have been generated by antigenic exposure in the 

223 relatively remote past, it remained possible that cumulative antigen exposures contribute to 

224 determining steady-state memory T and B cell levels. Microbial exposure commonly leads to 

225 generation of CD4 T-dependent B cell responses, since CD4 T cells are necessary for B cell 

226 germinal centre responses and hence vital to memory B cell generation. Thus, it would be 

227 expected that there would be coordinated accumulation of memory cells in the CD4 T and B cell 

228 compartments leading to a positive correlation between CD4 T memory and B memory cell 

229 frequencies, if cumulative antigenic exposures were to contribute substantially to determining 

230 memory T and B cell frequencies. However, there was no correlation between CD4 T cell 

231 memory frequencies and B cell memory frequencies in a given individual (Fig. 2A). Thus, 

232 cumulative antigen exposure may not be a major determinant of memory CD4 and B cell levels. 

233 Interestingly, CD4 and CD8 memory T cell subsets showed a strong correlation (correlation 

234 coefficient = 0.61, p < 0.001) (Fig. 2B), suggesting shared determinants of memory cell subsets 

235 within the T cell lineage. On the other hand, frequencies of CD4 TEMRA or CD8 TEMRA cells 
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236 or plasmablasts did not show any correlations with memory T or B cell frequencies or with each 

237 other (Table 1).

238

239
240 Table 1: Correlation coefficient (Spearman) of correlation between cell subsets in adult 
241 volunteers
242

243

244

Pairs of variables

Correlation coefficient 

(Spearman)

Adjusted p-value 

(Bonferroni)

Plasmablast – B memory 0.17 1

CD4 memory - B memory 0.0009 1

CD4 TEMRA - B memory -0.006 1

CD8 memory - B memory -0.09 1

CD8 TEMRA - B memory 0.038 1

CD4 memory - Plasmablast -0.04 1

CD4 TEMRA - Plasmablast 0.09 1

CD8 memory – Plasmablast -0.0017 1

CD8 TEMRA - Plasmablast 0.16 1

CD4 TEMRA - CD4 memory -0.26 0.335

CD8 memory - CD4 memory 0.6 8.90E-08

CD8 TEMRA - CD4 memory -0.064 1

CD8 memory - CD4 TEMRA -0.16 1

CD8 TEMRA - CD4 TEMRA 0.32 0.065

CD8 TEMRA - CD8 memory 0.2 1
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245 Figure 2: Correlation between memory B and memory CD4 T cell frequencies (A) and 

246 between memory CD4 and memory CD8 T cell frequencies (B). Memory CD4, memory CD8 

247 and memory B cell frequencies are expressed as percentage of total CD4, CD8 and B cells 

248 respectively. Each dot represents data from one individual donor (n=71). Correlation coefficient 

249 (Spearman) and p-value are as indicated. 

250

251

252 Siblings show concordance in T and B cell memory levels

253

254 Since these descriptive and correlative data from humans showed associations that suggested that 

255 memory phenotypes might be genetically regulated, we explored this further by a family based 

256 study where peripheral blood leucocytes from 80 full siblings from 37 families were 

257 immunophenotyped [male: female ratio = 38:42, mean age = 31.8 years (SD=12.7)]. We 

258 compared the differences in cell frequencies between siblings with the differences between 

259 random pairs of non-siblings for memory CD4, memory CD8 and memory B cells, and for 

260 plasmablasts, CD4 TEMRA or CD8 TEMRA cell frequencies. The analysis showed that 

261 differences in cell frequencies between siblings were significantly less than the differences 

262 between random pairs of non-siblings for memory CD4, memory CD8 and memory B cells, but 

263 not for plasmablasts, CD4 TEMRA or CD8 TEMRA cell frequencies (Table 2), suggesting that 

264 there was indeed likely to be a genetic contribution to the variations in memory cell frequencies, 

265 although possible contributions from early life co-habitation could not of course be ruled out. 

266

267

268

269
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270

271

272

273 Table 2: P-values of difference between within-sibling pairs and between-sibling pairs

274

Compartment
Sibling 

(Mean ± SD)

Unrelated 
Individuals 

(Mean ± SD)

p-value

B cell memory 6.88 ± 4.45 8.84 ± 1.08 0.03

Plasmablasts 2.05 ± 3.08 2.32 ± 0.33 0.207

CD4 memory 11.17 ± 8.24 15.41 ± 1.91 0.01

CD4 TEMRA 1.56 ± 1.39 0.92 ± 0.14 0.99

CD8 memory 12.66 ± 10.67 17.64 ± 2.19 0.008

CD8 TEMRA 10.04 ± 8.76 10.2 ± 1.27 0.46

275

276

277

278 Mouse strains differ in their memory T cell frequencies and show cell-autonomous regulation of 

279 memory T cell phenotype

280

281 These data from humans indicated the possibility of a genetic contribution to the determination of 

282 memory T and B cell pool sizes. To examine this possibility more rigorously, we examined 

283 independent inbred strains of mice. Since specific markers for B cell memory are uncertain (36) 

284 and since this compartment in mice may be smaller than in humans (37), we restricted these 

285 studies to T cell memory subsets alone. 
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286

287 The gating strategy used for defining effector memory (EM) CD4 (Fig 3A to 3D) and CD8 T 

288 cells (Fig 3E to 3H) in a group of representative mice available in our laboratory are shown in 

289 Figure 3. EM populations in CD4 and CD8 subsets were distinguished by unambiguous contours, 

290 whereas in some strains (eg. BALB/cJ) the central memory (CM) populations were difficult to 

291 gate out from the CD44 negative naïve pool using the conventional markers of memory (CD44 

292 and CD62L). CM phenotype CD4 T cells in the BALB/c strain have been previously shown to 

293 contain recent thymic emigrants with a CD44-high phenotype (38). CM phenotype CD8 T cells 

294 have also been reported to contain antigen-inexperienced, non-memory (“virtual memory”) cell 

295 types  (39) as well as regulatory CD8 T cells (40), further confounding our analysis of memory 

296 subsets. Hence, we have avoided CM phenotype T cells and focused on the unambiguously 

297 defined EM populations for interpreting differences in memory between the genetically different 

298 strains. 

299

300 Figure 3: Gating strategy for memory subsets in mouse splenic CD4 T cells (A to D) and 

301 CD8 T cells (E to H). Each plot shows representative gates from a single mouse strain as 

302 indicated. CD4 memory subsets are gated on conventional CD4+ CD25- gate. CD8 memory 

303 subsets are gated on CD8+ gate. 

304

305

306 Our preliminary data showed that CBA/CaJ and C57BL/6J showed differences in both EMCD4 

307 and EMCD8 compartments with C57BL/6J showing higher EMCD4 and EMCD8 frequencies 

308 and counts than CBA/CaJ (Fig 4A - 4D). On the other hand, BALB/cJ and SJL/J differed in 

309 EMCD4 but not EMCD8 compartment (Fig 4E - 4H), with SJL/J showing significantly higher 

310 EMCD4 frequencies and counts than BALB/cJ (Fig 4E, 4F). 
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311

312 Figure 4: EMCD4 and EMCD8 frequencies and counts (in millions) in spleen in C57BL/6J 

313 versus CBA/CaJ (A to D) and BALB/cJ versus SJL/J (E to H). Each dot represents data from 

314 one individual mouse (n > 25 per group). EMCD4 and EMCD8 frequencies indicate frequencies 

315 of EM compartment out of total conventional CD4 (CD4+CD25-) and CD8 T cells respectively. 

316 Cell counts are expressed in millions. Box plots indicate median and interquartile ranges. Upper 

317 whisker extends till the highest value that is within 1.5 times the interquartile range from 3rd 

318 quartile. Lower whisker extends till the lowest value that is within 1.5 times the interquartile 

319 range from 1st quartile. The p-values are as indicated in the panels. 

320

321

322 To test the source of the differences observed in EMCD4 frequencies between the strains, we 

323 prepared bi-parental mixed bone marrow chimeras in which bone marrow cells from both 

324 parents, in various ratios, were transferred into irradiated F1 mice. We used heavy irradiation that 

325 is reported to successfully engraft parental donor cells in F1 recipients (41–44) and ensured 

326 endogenous NK cell depletion post-irradiation (Fig S3 A and B). We also confirmed that 

327 chimerism is successful by comparing injected donor cell ratios with ratios of CD45.1 to CD45.2 

328 lymphocytes in reconstituted F1 mice (Fig S3 C and D) and found no statistically significant 

329 differences, ruling out the possibility of unequal reconstitution by donor strains. The mean 

330 frequency of endogenous cells was 10.1 % in B6.SJL – CBA/CaJ chimera (SD-6.5) and 25.9 % 

331 in BALB/cJ - SJL/J chimera (SD-12.3). After waiting two months for generation of memory cells 

332 from the donor genotypes, these mice were phenotyped for CD4 and CD8 EM compartments. 

333 Memory CD4 and CD8 frequencies of the donor-derived cell population (Fig 5A to 5D) in these 

334 chimeras showed similar trends as that in parental strains (Fig 4). These results suggest that 

335 genetic factors contribute in cell intrinsic fashion to determining EM T cell frequencies. 
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336

337 Figure 5: Frequencies of EMCD4 and EMCD8 in the spleen from donor partner in mixed 

338 bone marrow chimera of B6.SJL-CBA/CaJ pair (A, B) and BALB/cJ-SJL/J pair (C, D). 

339 Each dot represents data from one individual mouse (n > 9 per group) and individual mice data 

340 are connected by lines. The p-values are as indicated in the panels. 

341

342

343 CD4 gene expression in strains that differ in CD4 effector memory phenotype

344

345 Since bone marrow chimera data suggested cell-autonomous regulation of memory phenotype, 

346 we hypothesized that intrinsic gene expression differences in naive CD4 T cells between the 

347 mouse strains could contribute to differences in EMCD4 frequencies that are observed across the 

348 strains. We tested this using gene expression data (microarray) of splenic CD4 T cells from 

349 multiple mouse strains available from the immunological genome project (33). Immgen gene 

350 expression data comes from sorted CD4+ CD62L+ spleen cells ('non-EM' CD4 T cells), which 

351 could potentially include CD44-high CMCD4 population in addition to genuine naïve CD4 T 

352 cells. Hence, we selected 2 mouse strains (CBA/CaJ and SJL/J) that showed maximum 

353 differences in EMCD4 frequencies and counts, without showing differences in CMCD4 levels 

354 (Fig S4 A to E, p-values shown in supplementary table S5). CMCD4 frequencies were very low 

355 in these 2 strains (Figure 3B and 3D), making comparison of CD4+ CD62L+ gene expression 

356 between these strains interpretable. A comparison of gene expression profile of CD4+ CD62L+ve 

357 splenocytes (obtained from GEO accession: GSE60337) of CBA/CaJ and SJL/J identified 290 

358 genes that were significantly different (p values < 0.05 after multiple correction) (supplementary 

359 table S6). Gene ontology enrichment analysis identified significantly enriched GO processes 

360 associated with the 290-gene list (supplementary table S6). As expected, MHC molecule related 
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361 transcripts were differentially expressed and came up as significantly enriched, reassuring that the 

362 analysis we performed could actually pick up biologically relevant differences (table S6). In 

363 addition, there was significant enrichment for lipid biosynthesis (11 genes, p value: 1.78E-05, 

364 adjusted p value: 0.004) and lipid metabolism (16 genes, p value: 1.13E-04, adjusted p value: 

365 0.02) (supplementary file S6), implying that these pathways could be of biological relevance to 

366 regulation of CD4 T cell memory phenotype. When data from multiple strains were pooled 

367 together, there was a positive correlation between EMCD4 and EMCD8 frequencies (Fig S4F), 

368 similar to what is observed for humans (Fig 2B), suggesting similar mechanisms in regulation of 

369 CD4 and CD8 effector memory or dependence of one subset on the other.

370

371

372
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373 Discussion

374

375 There are a number of possible explanations for the observation of a substantial extent of 

376 variation in the relative frequencies of memory-phenotype B cells, CD4 T cells and CD8 T cells. 

377 Such variations in biological parameters are commonly interpreted as errors in technical or 

378 experimental factors, although in real populations, biological variance may well have meaningful 

379 interpretative value (31). At the population level, we have used descriptive characterization of the 

380 human peripheral blood leucocyte phenotype to examine the possible significance of population 

381 level variation in these leucocyte subsets. 

382

383 By comparison of intra-individual variance of memory and effector subsets of T and B cells, we 

384 find that immune subsets that respond to day-to-day fluctuations, such as the plasmablasts and 

385 CD4 TEMRA cells, show similar intra-individual and inter-individual variance in the population, 

386 while B cell memory, CD4 memory and CD8 memory cell frequencies are very much stable over 

387 a one-year period within individuals. This suggests that memory subsets are not determined by 

388 short-term environmental fluctuations, unlike CD4 TEMRA and plasmablasts. Within-individual 

389 variation can thus possibly be an explanatory factor in the population-level variation for effector 

390 T cells and plasmablast subsets, but not for memory T and B cell subsets. A recent study (45) that 

391 quantified technical and biological variation in human immune phenotype also found high intra-

392 individual variation in CD4 TEMRA cells in comparison to other immune lineages. Our data 

393 show that CD8 TEMRA cells did not behave similar to CD4 TEMRA cells in that they do not 

394 show considerable intra-individual fluctuation. This could be related to indications that CD8 

395 TEMRA cells may be functionally different from CD4 TEMRA cells, despite being 

396 phenotypically similar (46). 

397
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398 Our findings of a lack of correlation between B cell memory and CD4 memory also argue against 

399 the possibility of cumulative exposures determining both the memory subsets, although it 

400 remains possible that cumulative exposures regulate one but not the other subset. The positive 

401 correlation we find between CD4 memory and CD8 memory suggest that T cell memory levels 

402 could be regulated by similar mechanisms, distinct from how memory B cell levels are regulated. 

403

404 We attempted to quantify the degree of similarity in immune phenotype between siblings to see if 

405 there was any indication that these memory phenotypes are heritable. Although our sibling study 

406 was not as powerful as previously published twin studies (1,2,4,14) for understanding heritability, 

407 our sibling data strongly support and extend the interpretations from our serial bleed data. Thus, 

408 siblings did not show concordance in effector T and B subsets, suggesting that variation in those 

409 subsets is environmentally driven. On the other hand, siblings were far similar to each other in 

410 memory subset frequencies than non-siblings were, consistent with a genetic component 

411 regulating memory lymphocyte frequencies. However, it must be acknowledged that any 

412 similarity between siblings could be attributed to early life influences, since it is well recognized 

413 that both intra-uterine (47,48) and neonatal (49) stress impacts immune system development, and 

414 a recent study (13) has shown a prominent role for co-habitation in determining immune 

415 phenotypes. Our findings are consistent with two previous studies (1,14) which report high 

416 degree of heritability for majority of immune subsets. Another study (2), too, reported high 

417 degree of heritability for CD4 memory subsets, although it found non-heritable factors to be 

418 important for most other immune phenotypes. Since our interpretations are predominantly based 

419 on associations, we complemented the study with experimental data from mice.  

420

421 Although laboratory animals show restricted genetic diversity compared to human populations, 

422 we exploited the fact that independent inbred strains are genetically distinct and are grown in a 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 25, 2018. ; https://doi.org/10.1101/355313doi: bioRxiv preprint 

https://doi.org/10.1101/355313
http://creativecommons.org/licenses/by/4.0/


20

423 homogeneous environment in a controlled animal facility. Hence, it is worth examining if 

424 differences in leucocyte subset levels between strains are genetically driven. We 

425 immunophenotyped some common strains of mice and chose two pairs showing substantial 

426 differences, SJL/J and BALB/cJ for further experiments on CD4 memory and C57BL/6J and 

427 CBA/CaJ for CD8 and CD4 T cell memory phenotype. It is notable that not only did splenic CD4 

428 and CD8 memory frequencies show differences, but that total numbers of these cells per organ 

429 also showed the same differences, indicating that subset frequencies are reasonable surrogates for 

430 the pool size of these subsets. We also have noted that animals maintained in our facility had 

431 relatively high frequencies of EM phenotype T cells even at steady state. Even though mice were 

432 harbored in a specific-pathogen-free facility, it remains possible that there might be variations in 

433 microbial antigenic burden or gut microbiome composition between laboratories, although these 

434 factors are difficult to quantify. Long years of reproductive isolation because of inbreeding could 

435 also have contributed to these differences. 

436

437 Our mixed bone marrow chimera experiments allowed us to examine whether the CD4 and/or 

438 CD8 memory levels were genetically determined and whether these genetic influences were T 

439 cell-intrinsic in nature. Our data suggest that donor genotype-specific cell-intrinsic factors 

440 strongly influence both CD4 and CD8 memory T cell pool size. 

441

442 Using gene expression data of mouse splenic CD4+ve CD62L+ve T cells available in the public 

443 domain (33) we attempted to characterize genetic differences that could explain differences in 

444 CD4 memory phenotype. There are a number of limitations in our approach. Firstly, we do not 

445 evaluate gene expression differences in the same mice (or even mice from the same small animal 

446 facility) that we experimentally find phenotypic differences for, and differences in phenotype that 

447 we observe could be influenced by additional facility-specific environmental factors as well. 
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448 Secondly, the array based gene expression data available in the public domain that we used (33) 

449 contain only 2 replicates for each strain (except for C57BL/6J), limiting statistical power and 

450 increasing the chances of picking up false positive differences. Thirdly, the "naive" population as 

451 defined by Immgen is based on CD4+ve CD62L+ve gate, and does not exclude CD44+ cells, 

452 potentially including central memory cells into the population. Our analysis attempts to overcome 

453 this limitation by comparing those strains which differ only in EMCD4, and not CMCD4 subsets. 

454 In spite of these caveats, our analysis is still useful as a preliminary exploration that can be 

455 extended in further experiments using multiple replicates and strains. Remarkably, lipid/fatty acid 

456 metabolism pathways that came up as significant in as limited an analysis as this, was recently 

457 suggested to play crucial roles in T cell activation (50). This exploratory analysis is thus likely to 

458 provide further clues to direct future mechanistic studies. 

459

460 Thus, our data suggest genetic and cell-intrinsic factors as major determinants of the memory 

461 pool size of T cells as well as, probably, B cells. However, in a natural ecosystem where animals 

462 are exposed to substantial and continual antigenic exposures, the balance between cell-intrinsic 

463 genetic effects on memory and the effects of environmental factors is likely to be nuanced and 

464 quantitative. Further studies using varying antigenic burdens and experimental immunizations 

465 will be necessary to address these issues. Mechanistically, it will be interesting to explore 

466 whether genetic cell-intrinsic factors affect memory generation during immune response or 

467 memory attrition after the peak of immune response. Our data provide interesting insights and 

468 directions for future work in understanding the genesis and consequences of the regulation of 

469 niche size of lymphocyte memory.
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628 Supporting information:

629 Figure S1: Gating strategy of human B and T memory subsets

630 Figure S2: Intra-individual variance in immune subsets across one year (4 time points).  

631 Each dot indicates frequency of immune subset at a time point in an individual donor. Individual 

632 donors are connected by lines. (n=45; only 10 donors shown for the sake of clarity). 

633 Quantification and p-values shown in figure 1.

634 Figure S3: A and B: NK cell depletion in chimera recipients post-irradiation. Dots represent data 

635 from individual mice. C and D: Reconstitution efficiency in B6.SJL-CBA/CaJ chimera (C) and 

636 BALB/cJ-SJL/J chimera (D). Y-axis indicates ratio of injected CD45.1/CD452 cells to 

637 reconstituted CD45.1/CD452 cells for the cell subset indicated. Dots indicate mean and error bars 

638 indicate 95% confidence interval. P-values are as indicated.

639 Figure S4: Quantification of EMCD4 and CMCD4  frequencies and counts in multiple 

640 strains of mice examined (A to D) (Statistical quantification for these comparisons are tabulated 

641 in supplementary table S5). Boxplots show median and interquartile range. Upper whisker 

642 extends till the highest value that is within 1.5 times the interquartile range from 3rd quartile. 

643 Lower whisker extends till the lowest value that is within 1.5 times the interquartile range from 

644 1st quartile. Outliers are shown as dots. Each group consisted of > 10 mice. Cell counts are 

645 shown as number in millions. 

646 E: mean EMCD4 and CMCD4 of each strain plotted together. CBA/CaJ and SJL/J show 

647 differences in EMCD4 frequency (x-axis), but not in CMCD4 frequency (y-axis).

648 F- Correlations between EMCD4 and EMCD8 frequencies with mice from all strains pooled 

649 together. Each dot represents a mouse (n=92). Correlation coefficient (spearman) and p-values 

650 are indicated.

651 Table S5: Statistical analysis of data shown in Figure S4
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652 Table S6: List of differentially expressed genes in naïve CD4 T cells between SJL/J and 

653 CBA/CaJ and gene enrichment analysis results
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