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Abstract

Innate memory phenotype (IMP) CD8+ T cells are non-conventional αβ T cells exhibiting features

of innate immune cells, and are significantly increased in the absence of ITK. Their developmental

path and function are not clear. Here we show hematopoietic MHCI dependent generation of

antigen specific IMP CD8+ T cells using bone marrow chimeras. WT bone marrow gives rise to

IMP CD8+ T cells in MHCI−/− recipients, resembling those in Itk−/− mice, but distinct from those

derived via homeostatic proliferation (HP), and independent of recipient thymus. By contrast,

MHCI−/− bone marrow does not lead to IMP CD8+ T cells in WT recipients. OTI IMP CD8+ T

cells generated via this method exhibited enhanced early response to antigen without prior primary

stimulation. Our findings suggest a method to generate antigen specific “naïve” CD8+ IMP T

cells, demonstrate that they are not HP cells and can promptly respond in an antigen specific

fashion.
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Introduction

Conventional T cells arise as naïve T cells through thymic selection, and require further

exposure to antigens to expand and acquire effector/memory function (1). While

conventional T cells are selected on thymic stroma by peptide-MHC complexes, non-

conventional innate T cells have distinct selection pathways, spontaneously express markers

typically found on memory T cells, and have the ability to rapidly respond upon stimulation

(1–7). Non-conventional CD8+ T cells are distinguished by their memory-like attributes of
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the effector program such as secretion of IFN-γ and expression of CD44 and CD122

(IL-2Rβ) (8, 9), and are thus termed “Innate Memory” or “Innate Memory Phenotype

(IMP)” CD8+ T cells (1, 10–14). IMP CD8+ T cells may be selected independent of thymic

MHCIa, with a dominant role played by hematopoietic MHCI (11, 13). However, it was also

suggested recently that innate memory-like CD8+ thymocytes are mainly selected by

nonhematopoietic MHCIa (15), strongly alluding to alternative pathways for IMP CD8+ T

cell development.

IMP CD8+ exist in specific-pathogen-free as well as in germ-free mice (16), independent of

immunization and infection, and are significantly increased in the absence of Tec kinase

ITK, and the transcriptional regulators CBP, KLF2 and Id3, or mice carrying an ITK binding

mutant of Slp-76 (1, 10, 11, 13, 17–20). IL-4 has been shown to be involved in the

generation of these cells in cell extrinsic manner in the absence of ITK (12). Although it is

known that IMP CD8+ are distinct from antigen-induced memory CD8+ T cells, they share

markers of T cells that have undergone homeostatic expansion (21), and so it is not clear

whether IMP CD8+ T cells arise through homeostatic proliferation. Functionally, IMP CD8+

T cells can facilitate the clearance of Listeria monocytogenes infection (10), however, it has

been difficult to directly examine whether IMP CD8+ T cells can respond to antigen during

an immune response due to the difficulty discriminating IMP CD8+ T cells from

conventional memory CD8+ T cells.

Materials and Methods

Mice

WT, MHCI−/− (B2m−/−: B6.129P2-B2mtm1Unc/J), and nude (B6.Cg-Foxn1nu/J) mice were

from the Jackson Laboratory (Bar Harbor, ME), on a a C57BL/6 background. All

experiments were approved by the Office of Research Protection’s IACUC at Pennsylvania

State and Cornell Universities.

Generation of bone marrow chimeras

Bone marrow from donor mice was injected i.v. into lethally irradiated recipients (6–9

weeks old). T cell depleted bone marrow was obtained by negative selection using

biotinylated-anti-CD3ε antibody (eBioscience, San Diego, CA) and magnetic column

separation (Miltenyi Biotec, Cambridge, MA). Mice were kept in specific pathogen free

environment, and fed acid water containing antibiotics (1 mg/ml Gentamycin Sulfate) for 8–

9 weeks post BMT prior to analysis.

Cell sorting, microarray and quantitative real-time PCR

Cell sorting was performed on a FACSAria Cell Sorter (BD Biosciences, San Jose, CA).

IMP CD8+ T cells (TCRβ+CD8α+CD44hi) were sorted from splenocytes of WT→MHCI−/−

chimeras 8 weeks post transplantation and 8-week old Itk−/− mice. HP cells were generated

by i.v. injecting naïve CD8+ T cells (TCRβ+CD8α+CD44lo) into Rag1−/− recipients

(0.5×106/mouse), followed by sorting of TCRβ+CD8α+CD44hi cells 8 weeks post transfer.

mRNA from sorted cells was extracted, amplified and used for microarray (GeneChip

Mouse Genome 430 2.0 Array, Affymetrix, Santa Clara, CA) at the Cornell University Life
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Sciences Core Laboratories Center. Microarray data were analyzed using GeneSpring GX

software (Agilent Technologies, Clara, CA). RMA-normalized probe values were used to

generate correlation coefficient matrix, further converted to gene expression values with

Quantile normalization, followed by analysis of gene differential expression. Data have been

deposited into the NCBI GEO repository (http://www.ncbi.nlm.nih.gov/gds; accession #

GSE41482). Quantitative real-time PCR was carried out using Taqman probe sets (Applied

Biosystems, Foster City, CA).

Data analysis

Two-tailed Student’s t test was performed using GraphPad Prism v5.00 (GraphPad, San

Diego, CA), with p < 0.05 considered statistically significant.

Results and Discussion

Development of IMP CD8+ T cells via hematopoietic MHCI selection independent of the
thymus

IMP CD8+ T cells have been reported to be able to develop in the thymus independent of

MHCI molecules on thymic stroma (11). We took advantage of this to generate mice

carrying predominantly IMP or naïve CD8+ T cells through BMTs utilizing WT and

MHCI−/− (B2m−/−) mice. The spleens of WT→MHCI−/− mice had predominantly

CD44hiCD122+ IMP CD8+ T cells that rapidly produced IFN-γ upon P/I stimulation, as has

been observed (1, 10–14). By contrast, MHCI−/−→WT mice had predominantly naïve CD8+

T cells (Fig. 1A). As expected, hematopoietic MHCI expression is necessary and sufficient

for development of IMP CD8+ T cells.

Further examination revealed that the thymus is dispensable for IMP CD8+ T cell

development, since transplant of WT bone marrow into athymic Nude mice resulted in the

development of similar cells to that seen in the WT→MHCI−/− transplants (Fig. 1B&C). Of

note, while endogenous CD8+ T cells in nude mice are CD44hi, they do not express CD122

and fail to rapidly produce IFN-γ in response to P/I (Fig. 1B).

IMP CD8+ T cells are distinct from homeostatic expanded CD8+ T cells

When transferred into lymphopenic environments, naïve CD8+ T cells undergo significant

proliferation in an attempt to restore “normal” levels of T cells. Along with this

proliferation, naïve CD44loCD8+ T cells acquire a phenotype resembling memory-like

CD8+ T cells, a process termed “homeostatic expansion” (23, 24). Naïve CD8+ T cells also

proliferate and differentiate upon antigen recognition and activation, converting into long-

lived antigen specific memory CD8+ T cells that reside in part in bone marrow (25). It is

therefore possible that the cells we observed are due to homeostatic expansion of a small

number of naïve T cells and/or proliferation of memory T cells in the transferred donor bone

marrow. However, we found that depletion of T cells prior to BMT did not affect the

development of IMP CD8+ T cells (Fig. 2). This suggests that IMP CD8+ T cells observed in

WT→MHCI−/− chimeric model are the result of hematopoietic MHCI selection and

development rather than homeostatic expansion of T cells from donor bone marrow.
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To confirm that the IMP CD8+ T cells in the WT→MHCI−/− chimeras are not the result of

homeostatic expansion, we analyzed whole genome gene expression profiles of sorted IMP

CD8+ T cells from WT→MHCI−/− chimeras (WM), Itk−/− mice, and CD8+ T cells derived

from homeostatic expansion of naïve CD8+ T cells in Rag1−/− recipients (Fig. 3A).

Correlation coefficient matrix shows that gene expression between WM IMP CD8+ T cells

and Itk−/− IMP CD8+ T cells are highly correlated (Correlation coefficient > 0.98), while

both are less correlated with HP CD8+ T cells (Correlation coefficient: 0.66 ~ 0.87) (Fig.

3B). Among 27800 genes, compared to WM CD8+ T cells, there are ~ 4000 up regulated

and > 4000 down regulated by more than 2 fold in HP CD8+ T cells (P < 0.05, P values

were generated by asymptotic computation with Benjamini-Hochberg false discovery rate

correction), while there are only 21 of these in Itk−/− CD8+ T cells (Fig. 3C). We examined

a few meaningful genes that were changed between these cells by q-RT-PCR and consistent

with the differential expression profile identified by microarray (Supplemental Fig. 1A), we

found up-regulation of TNFR (Tnfarsf1a) and NFκB2 (Nfkb2), and down-regulation of

Eomesodermin (Eomes) and Bim (Bcl2l11) (Supplemental Fig. 1B), in HP CD8+ T cells but

not Itk−/− CD8+ T cells compared to WM IMP CD8+ T cells. This whole genome

expression analysis strongly suggests that IMP CD8+ cells generated in WT→MHCI−/−

chimeras highly resemble IMP CD8+ T cells in Itk−/− mice, and are distinct from those

derived from homeostatic expansion.

Antigen-naïve OVA specific IMP CD8+ T cells promptly respond to antigen in the absence
of primary antigen exposure

The BMT approach suggests a method to generate antigen-naïve, antigen specific IMP

CD8+ T cells. To study the primary response of antigen specific IMP CD8+ T cells, we

utilized OTI mice (expressing OVA specific T cell receptor on CD8+ T cells) as bone

marrow donors, to generate antigen-naïve OVA specific IMP CD8+ T cells in MHCI−/−

recipients. Reciprocally, OTI transgenic mice that lack MHCI−/− (MHCI−/−OTI) were used

as donors to generate OVA specific naïve CD8+ T cells in WT recipients, with OTI→WT

chimeras as controls. Similar to the results of BMTs in non-transgenic backgrounds,

OTI→MHCI−/− chimeras had predominantly TCR transgene positive OVA specific

CD44hiCD122+ IMP CD8+ T cells that rapidly produced IFN-γ. Analogously,

MHCI−/−OTI→WT chimeras had predominantly TCR transgene positive OVA specific

CD44loCD122− naïve CD8+ T cells (Fig. 4A&B). Using this model, we examined whether

antigen-naïve, antigen specific IMP CD8+ T cells can rapidly respond to antigen in the

absence of prior antigenic exposure. OTI transgenic IMP and naïve CD8+ T cells were

stimulated in vitro with OVA or OVA257–264 epitope of OVA recognized by the OTI TCR,

without prior primary antigen exposure in vivo. We found that OVA/OVA257–264 specific

IFN-γ and TNF-α production by CD44hi CD8+ T cells peaked on the third day post

stimulation in OTI IMP CD8+ T cells (OTI→MHCI−/−) (Fig. 4C), suggesting that these

cells were highly functional IFN-γ/TNF-α double producers (Fig. 4C), and indicating that

antigen naïve OVA specific IMP CD8+ T cells can rapidly respond in a highly functional

manner to specific antigen in the absence of primary antigenic exposure. By contrast, naïve

OTI cells (MHCI−/−OTI→WT) did not show significant cytokine response until > 6 days of

stimulation as would be expected in vivo.
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The function of IMP CD8+ T cells, and the mechanism behind their development, has

elicited significant interest. Recently, Rafei et. al. showed that antigen-naïve OTI transgenic

CD44hiCD8+ thymocytes selected on thymic MHCIa and that have never left thymus, can

promptly respond to OVA-peptide with cytokine secretion (15). In addition, Haluszczak et.

al. showed that a proportion of functional antigen-specific peripheral CD8+ T cells in germ-

free mice have a memory-like phenotype, although one cannot rule out that these cells are

antigen-experienced (21). Using bone marrow chimeras and transgenic approaches, we show

for the first time that we can develop significant numbers of antigen-naïve, antigen specific

IMP CD8+ T cells that are similar to those that develop in the absence of ITK, but different

from those that develop due to homeostatic expansion, although they have similar

phenotypes. Our work provides a model, and opens the door for more detailed analysis of

the development and more importantly, function of such cells.

Our findings that endogenous CD8+ T cells in nude mice have a partial innate memory

phenotype suggests that perhaps other signals may be required for the complete

development and/or maturation of these cells, which may be indirectly dependent on the

thymic structure or the Foxn1 gene. This could involve a precursor that traffics through the

thymus prior to our BMT. In the absence of ITK or the transcription factor KLF2, the

increase in innate memory-like CD8+ T cells have been suggested to be due to the influence

of IL-4 produced by NKT-like cells in these mice (12). What role IL-4 signaling plays in the

development of these hematopoietic MHCI-dependent IMP CD8+ T cells remains to be

determined. Our preliminary analysis indicates that IMP CD8+ T cells differentially express

the TNFR (lower than HP cells) and Bim and the transcription factor Eomesodermin (higher

than HP cells), the latter previously observed in IMP CD8+ T cells (29). Future experiments

will distinguish the role of such factors in the development of these cells.

In the immune system, innate immune cells initiate a relatively antigen non-specific

response to primary infection, allowing cells of the adaptive immune system to develop

more specific and exquisite antigen responses, along with the generation of immune memory

(30, 31). In particular, antigen specific memory T cell responses are thought to be generated

only after antigenic exposure (32). However, our work suggests that antigen naïve innate

memory CD8+ T cells can generate potent memory-like antigen specific responses. We

suggest that such IMP CD8+ T cells evolved to rapidly respond early in infections in an

antigen specific fashion, assisting the innate immune response and allowing priming of the

antigen specific adaptive immune response. These cells may occupy an essential niche in the

early immune response to primary infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations Used

BMT bone marrow transplantation

HP Homeostatic proliferation

IMP innate memory phenotype

PMA phorbol 12-myristate 13-acetate

P/I phorbol 12-myristate 13-acetate and Ionomycin
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FIGURE 1. Development of IMP CD8+ T cells via hematopoietic MHCI selection independent of
the thymus
(A) Representative flow cytometric analysis of IMP CD8+ T cells (upper panel,

CD44hiCD122+) and P/I induced IFN-γ production (lower panel). Donor TCRβ+CD8α+

cells from WT→WT (MHCI+CD45.2+), MHCI−/−→WT (MHCI−CD45.2+) and

WT→MHCI−/− (MHCI+CD45.2−) chimeras are shown. (B&C) The thymus is not required

for development of IMP CD8+ T cells. (B) Bone marrow chimeras were generated as

indicated and donor TCRβ+CD8α+ cells analyzed by flow cytometry for CD44 and CD122,
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and IFN-γ producing capacity induced by P/I, compared to those from WT and Nude mice.

(C) Percentages of IMP, naïve and P/I induced CD44hi IFN-γ producing CD8+ T cells,

along with numbers of total, IMP and naïve CD8+ T cells, in “WT→WT” and

“WT→Nude” chimeras. n = 4 in each group. *p < 0.05 by Student’s t test.
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FIGURE 2. IMP CD8+ T cells in WT→MHCI−/− chimeras develop despite depletion of T cells
from donor bone marrow
WT bone marrow was either left intact or depleted of T-cells, and used as donors to generate

“WT→WT” and “WT→MHCI−/−” chimeras. Donor TCRβ+CD8α+ cells were analyzed.

(A) Flow cytometric analysis for CD44 and CD122, and percentage of CD44hi IFN-γ
producing CD8+ T cells in response to P/I. (B) Percentages and numbers of IMP and naïve

CD8+ T cells, and percentage of P/I induced CD44hi IFN-γ+ CD8+ T cells. n = 3 in each

group. *p < 0.05, ns = not significant, by Student’s t test.
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FIGURE 3. Hematopoietic MHCI dependent CD8+ T cells resemble innate memory CD8+ T
cells in Itk−/− mice, but are distinct from HP cells
Comparison of HP, Itk−/− and WM (WT→MHCI−/−) CD8+ T cells. (A) HP, Itk−/− and WM

CD8+ T cells share expression of CD44 and CD122. (B) Itk−/− and WM CD8+ T cells show

extremely high correlation in whole genome gene expression, which is distinct from HP

CD8+ T cells. Samples were clustered based on the hierarchy of correlation. (C) HP but not

Itk−/− CD8+ T cells, exhibit significantly higher number of differentially expressed genes

compared to WM CD8+ T cells. Genes with significant change (fold change > 2, corrected P

< 0.05) are shown in red. Numbers in red indicate numbers of gene that significantly up- or

down- regulated.
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FIGURE 4. Hematopoietic MHCI dependent OTI IMP CD8+ T cells exhibit prompt and potent
antigen specific response in vitro without primary antigen exposure
BMTs were done as indicated and donor TCR transgene positive CD8α+ cells from

OTI→WT (CD45.2+MHCI+), MHCI−/−OTI→WT (CD45.2+MHCI−) and OTI→MHCI−/−

(CD45.2+MHCI+) chimeras analyzed. (A) Flow cytometric analysis of CD8+ T cells for

CD44 and CD122 and P/I induced IFN-γ production in chimeric spleens. (B) Percentages

and numbers of CD44hiCD122+ IMP CD8+ T cells, CD44loCD122− naïve CD8+ T cells, and

proportion of CD44hi IFN-γ producing cells in response to P/I. *p < 0.05, ns = not

significant, by Student’s t test. Data represent results from three independent experiments.

(C) Percentages of CD44hi IFN-γ+, CD44hi TNF-α+ and IFN-γ+/TNF-α+ double positive

donor CD8+ T cells in response to OVA and OVA257–264 peptide along the time course. All

values were corrected for the response of non-stimulated controls. *p < 0.05, compared to

“OTI→WT” chimeras, §p < 0.05, compared to “MHCI−/−OTI→WT” chimeras, by two-way

ANOVA. Data represent results from two independent experiments.
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