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Abstract (195) 29 

Multiple myeloma (MM) is a plasma cell malignancy where MM cell growth is supported by the 30 

bone marrow (BM) microenvironment with poorly defined cellular and molecular mechanisms. 31 

MM cells express CD40, a receptor known to activate autocrine secretion of cytokines and elicit 32 

proliferation. Activated T helper (Th) cells express CD40 ligand (CD40L) and BM Th cells are 33 

significantly increased in MM patients. We hypothesized that activated BM Th cells could support 34 

MM cell growth. We here found that activated autologous BM Th cells supported MM cell growth 35 

in a contact- and CD40L-dependent manner in vitro. MM cells had retained the ability to activate 36 

Th cells that reciprocated and stimulated MM cell proliferation. Autologous BM Th cells supported 37 

MM cell growth in xenografted mice and were found in close contact with MM cells. MM cells 38 

secreted chemokines that attracted Th cells, secretion was augmented by CD40-stimulation. Within 39 

14 days of culture of whole bone marrow aspirates in autologous serum, MM cells and Th cells 40 

mutually stimulated each other, and MM cells required Th cells for further expansion in vitro and in 41 

mice. The results suggest that Th cells may support the expansion of MM cells in patients.  42 
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Introduction 43 

Patients with multiple myeloma (MM) and monoclonal gammopathy of undetermined significance 44 

(MGUS) have significantly increased numbers of T cells in the bone marrow (BM) (1), a 45 

microenvironment that also includes cell types such as endothelial cells, fibroblasts, osteoclasts, 46 

myeloid-derived suppressor cells (MDSC), macrophages and dendritic cells (2). This complex niche 47 

is still poorly understood and the mechanisms that induce MM cell proliferation remain unclear.  48 

 49 

Conceptually, cellular elements may either be detrimental, beneficial or indifferent for MM cell 50 

proliferation. T cells can counteract the development of cancer in the act of immunosurveillance. 51 

However, cancer cells may edit the immune response (3) and tumors can subvert immunity (4). 52 

Experiments in mice have demonstrated that T cells can kill murine myeloma cell lines (5). 53 

Nevertheless, MM cells may eventually escape T cytotoxicity (6, 7). Recently, a new mechanism of 54 

escape was demonstrated with human primary MM cells: MM cells deactivated the proteasomal 55 

pathway in dendritic cells via binding of CD28 (MM cells) to CD80/86 (dendritic cells), and 56 

protected themselves from CD8
+
 T cell killing (8). Concerning T helper (Th) cells, tumor cells 57 

including MM cells may evade cytotoxic immune responses by facilitating a skewed immune 58 

response, promoting a protective cytokine environment and by favoring non-cytotoxic Th cell 59 

subtypes as well as other immune cells (6, 9, 10). On the other hand, Th cells also played an active 60 

role in both lymphomagenesis in mice (11) and supported malignant B cells in humans (12-14). In 61 

fact, others have speculated that myeloma-specific Th cells can accommodate MM cells by 62 

secreting MM-supportive cytokines (15). Similarly, Th17 cell cytokines promoted the growth of 63 

MM cell lines in vitro and in vivo and supported colony formation of primary human MM cells 64 

(16). 65 

 66 

The BM is an important niche for memory Th cells both in healthy individuals and MM patients (1, 67 

2, 17, 18) and activated Th cells with high surface CD40L expression have been found in the human 68 
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BM (2, 17-22). Interestingly, MM cells express high levels of CD40; CD40 signaling triggers the 69 

NF-B pathway and secretion of several pro-survival factors (23-25). It is therefore plausible that 70 

CD40 activation could play a role for primary MM cell proliferation, but it has yet to be resolved 71 

whether these activated Th cells can in fact support MM cell proliferation in vitro and in vivo. 72 

 73 

To investigate the potential effect of activated Th cells on primary MM cells, we polyclonally 74 

stimulated BM Th cells and analyzed the net effect of the Th subsets present. Activated autologous 75 

Th cells were tested for their ability to support MM cells in vitro and in vivo. We also performed 76 

assays where primary MM cells were tested for their ability to activate and collaborate with 77 

allogeneic Th cells. The latter experiments were feasible because primary human MM cells are 78 

antigen presenting cells and can present antigen to Th cells (26, 27).  79 
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Materials and methods 80 

MM patients and healthy controls 81 

The study was approved by The Regional Committee for Medical and Health Research Ethics of 82 

South-East Norway; MM patients were recruited at Oslo University Hospital and Drammen 83 

Hospital. BM and blood samples from MM patients were collected from patients that were 84 

untreated (32 patients) or had relapsed after one or more treatments (22 patients), see 85 

Supplementary Information for details. Blood and BM samples from five healthy individuals were 86 

used in the experiments as indicated. Functional studies were performed on IgG
+
 or IgA

+
 patients as 87 

indicated in the figure legends.  88 

 89 

Cell purification, culture and microscopy    90 

MM cells were purified from BM aspirates of MM patients using MACS CD138
+
 microbeads 91 

(Miltenyi). Purified MM cells were >98% CD138
+
 and >95% of cells expressed the clonal light (L) 92 

chain ( or ); non-clonal L chain ( or  respectively) were not detected on the MM cells. Further 93 

purity analyses were also performed by staining for CD56 and/or CD28, differentiating MM cells 94 

from normal plasma cells (28). As appropriate, these stains were included in the gating strategy for 95 

subsequent assays as indicated in Figure Legends. FlowComp Human CD4 kit (Life Technologies) 96 

was used to purify CD4
+
 Th cells (>97%) from the BM and blood of healthy individuals as well as 97 

MM patients. Th cell lines from healthy individuals as well as patients were generated by expanding 98 

Th cells using Human T-Activator CD3/CD28 Dynabeads (Life Technologies, abbreviated as anti-99 

CD3/28 beads herein) with 20U/ml interleukin-2 (IL-2, Roche) for short term stimulation lasting 5-100 

7 days. Bright field images were taken with a Nikon Eclipse Ti fluorescent microscope equipped 101 

with a high-sensitivity CCD camera (Cascade 512, Photometrics) and a 40x objective lens. Culture 102 

of bulk bone marrow cultures was performed as described in the Supplementary Information by 103 

depleting T cell subsets (Dynabeads) and culturing cells in autologous serum and IL-2.  104 

 105 
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Cell proliferation assays 106 

MM cells (0.5-1 x 10
6
) were co-cultured with rested allogeneic Th cells in a 1:1 ratio. Alternatively, 107 

MM cells were co-cultured with either the allogeneic Th cells or autologous BM Th cells directly in 108 

the presence of anti-CD3/28 beads. In other settings, MM cells were stimulated with plate coated 109 

agonistic anti-human CD40 (1g/ml, clone #5C3, BD Biosciences) or were co-cultured with 100 110 

Gy irradiated murine L cell fibroblasts expressing human CD40L (herein abbreviated CD40L
+ 

L 111 

cells) (29). Cells were cultured in 6.5mm well Transwell culture plates (inserts with 0.4 m pores; 112 

Corning). MM cells (5 x 10
5
) were added to inserts and separated from Th cells, MM cells and anti-113 

CD3/28 beads in the lower wells. Cells were co-cultured for 5 days and tested for DNA replication 114 

by BrdU-incorporation, BrdU (BrdU stain kit, BD) was added to cell cultures in the final 48h of 115 

assays; cells were stained with anti-BrdU as per manufacturer’s protocol. MM cells were stimulated 116 

by BM Th cells in the presence of 20U/ml IL-2 and 10ng/ml IL-15 (PeproTech) and then were 117 

imaged with the Incucyte Zoom microscope with standardized manufacturer’s protocol as detailed 118 

in the Supplementary Information. Inhibition of MM cell proliferation was performed in the co-119 

culture system with Th cells in the presence of 20g/ml anti-CD40L (clone #24-31, eBioscience) 120 

from day 3-5 or with matched isotype (eBioscience). 121 

 122 

Th cell migration assay 123 

Purified MM cells were stimulated without/with immobilized anti-CD40 (#5C3, BD). Supernatants 124 

were collected on day 3 for migration assays. The Transwell system (5 m pore size, Corning) was 125 

used to test the migration of freshly purified autologous Th cells (2.5 x 10
5
) from respective MM 126 

patients. Average background migration towards fresh medium was 6%. The enhanced Th cell 127 

migration ( migration) towards MM supernatant was calculated by subtracting the 6% 128 

background. 129 

 130 

Flow cytometry  131 
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Cells were stained with combinations of the following fluorochrome labeled mAbs: From 132 

eBioscience, mAbs were specific for λ L chain (4C2), κ L chain (A8B5), CD4 (OKT4), CD28 133 

(37.51), HLA-DR (LN3), CCR5 (T21/8), CCR6 (R6H1), PD-1 (J105), Bcl-6 (BCL-UP), T-bet 134 

(4B10), GATA3 (TWAY), IL-2 (MQ1-17H12), IL-4 (8D4-8), IL-17 (eBio64DEC17), IL-21 (3A3-135 

N2) and TNF (MAb11). mAbs from Biolegend were specific for: CXCR3 (TG1) and IL-13 136 

(PVM13-1). mAbs from BD Bioscience were specific for: CXCR5 (RF8B2), CD56 (B159), CD138 137 

(MI15), CRTH2 (BM16), RORt (Q21-559), IFN- (25723) and BrdU (552598). Surface staining 138 

and intracellular staining were performed as described (12). Cells were analyzed with FACSCalibur 139 

or Fortessa (BD) and FlowJo X software (Tree Star Inc).  Cells were stained for cytoplasmic Ig or 140 

Ig L chains as indicated after permbealization with cytoperm/cytofix buffer (BD). 141 

 142 

In vivo experiments 143 

 Busulfan (Busilvex, Pierre Fabre Pharma) pre-conditioned NOD SCID gamma null mice (NSG, 144 

The Jackson Laboratory) were used in xenotransplantation with MM and Th cells (12). Mice were 145 

injected i.v. with purified MM cells (8 x 10
6
) or MM cells and autologous BM Th cells (4 x 10

6
). 146 

Alternatively, whole bone marrow cultures were cultured as described in figure legends and cells 147 

were injected into NSG mice, see Supplementary Methods for details. Engrafted cells were 148 

analyzed by flow cytometry. Immunofluorescence staining was performed on lungs, livers and 149 

spleens. All animal experiments were approved by the Norwegian Animal Research Authority.   150 

Further details of in vivo experiments are presented in the Supplementary Information.  151 

 152 

ELISA and measurement of cytokines 153 

Serum samples were used to determine IgG and IgGconcentration by ELISA (12); IgG was 154 

captured with anti-human IgG (I2136) and detected with alkaline phosphatase conjugated anti- L 155 

chain (A3813), or anti- L chain (A2904, Sigma-Aldrich). Cytokines from supernatants were 156 
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collected on day 3 for Bio-Plex cytokine assay (Bio-Rad) according to the manufacturer’s 157 

instructions. ELISA kits were used to measure IL-23 (eBioscience) and RANKL (PeproTech).  158 

 159 

Statistical analysis 160 

Statistical analysis was calculated using two tailed Student’s t-test or two tailed Mann-Whitney Test 161 

with GraphPad Prism 5.02 (GraphPad Software, San Diego, CA). A P value < 0.05 was considered 162 

statistically significant.  163 
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Results 164 

Polyclonally activated allogeneic and autologous Th cells stimulated the proliferation of MM cells  165 

Sorted CD138
+
 MM cells were cultured for 5 days with polyclonally stimulated allogeneic Th (allo 166 

Th) cell lines from healthy individuals in the presence of anti-CD3/28 beads. Th cells activated the 167 

proliferation and blastogenesis of MM cells (Figure 1a). When CD138-depleted autologous BM 168 

cells were added back to CD138
+ 

MM cells in the presence of anti-CD3/28 beads, we found a 169 

similar proliferation and blastogenesis (Figure 1a). This suggested that autologous BM Th cells 170 

could stimulate MM cells. To confirm this, we purified autologous BM Th cells (ThMYEL) that were 171 

added to MM cells in the presence of anti-CD3/28 beads. Autologous ThMYEL cells from patients 172 

activated MM cells with similar efficiency to Th cells from healthy individuals (Figure 1a and b, 173 

Supplementary Figure S1a-c). These ThMYEL cells significantly increased MM cell proliferation 174 

(MM cells with Th cells and beads vs. MM cells alone, P=0.0003, N=4, Figure 1b). MM cells 175 

increased cell size, became more granular, reduced their cell surface immunoglobulin (Ig) 176 

expression, and up-regulated expression of HLA-DR. No expansion was seen of CD138
+
 cells with 177 

the uninvolved L chain (Figure 1b, and data not shown). Anti-CD3/28 beads did not significantly 178 

stimulate the proliferation of MM cells in the absence of Th cells, (P=0.873, N=6).  179 

 180 

We next imaged the activated ThMYEL cell – MM cell interaction in a 1:1 ratio in the presence of 181 

anti-CD3/28 beads and the Th cell growth factors IL-2 and IL-15. With this strategy, we found that 182 

MM cells responded by proliferating from 30 h, allowing a 5-10x expansion within 98 h (Figure 1c, 183 

d and Supplementary Figure S2).  184 

 185 

Cytokine secretion of activated patient BM Th cells 186 

A majority of BM Th cells from MM patients (ThMYEL) expressed the chemokine receptors CXCR3
 

187 

in combination with CCR6 after short term anti-CD3/28 bead stimulation, significantly different 188 

and increased compared to BM Th cells from healthy controls (ThNORM) (Figure 2a). A similar but 189 
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less pronounced increase of CXCR3
+
CCR6

+
 Th cells was found in the BM of patients, 190 

Supplementary Figure S3). ThMYEL cell lines were mostly CXCR3
+
CCR6

+
CCR5

+
CXCR5

-
ICOS

-
T-191 

bet
+
IFN-

+
. ThMYEL cells also had a low/intermediate ROR-t expression (Figure 2a). The 192 

CXCR3/CCR6/T-bet
+
ROR-t

LOW
 pattern has previously been described; this cell type has been 193 

labeled Th1/17 or Th1* (30, 31). The classical Th2 (GATA3/ CRTh2/IL-4) and Th17 (ROR-t/IL-194 

17) subsets each represented only about 2% of ThMYEL cells (data not shown). We detected less than 195 

1% of ThMYEL expressing IL-21, BCL6, PD-1, CXCR5 and ICOS (the follicular Th subset, data not 196 

shown). A lower frequency of expanded ThMYEL cells was IFN-
+
 and TNF-

+
compared to 197 

expanded ThNORM cells (Figure 2a, right histogram). In these expanded BM Th cells, we found that 198 

the ThMYEL produced lower amounts of cytokines such as IL-4, IL-10, IL-13, GM-CSF, IFN- and 199 

TNF-, and more of IL-6, IL-1, IL-2, IL-17, CCL2 (MCP-1) and CCL4 (MIP-1, Figure 2b. 200 

Other cytokines included CCL5 (RANTES), CCL3 (MIP-1, CXCL10 (IP-10), VEGF and IL-9 201 

(Supplementary Figure S3). Despite these variations, the allogeneic normal Th cells and the 202 

activated autologous ThMYEL cells had a very similar capacity to stimulate MM cells (Figure 1a and 203 

b). Next, we tested whether Th cytokines were sufficient for MM cell proliferation. 204 

 205 

Th cell dependent stimulation of MM cells was dependent on cell contact and CD40L stimulation 206 

Using Transwell assays, we found that the presence of Th cytokines was not sufficient to 207 

reconstitute full MM cell proliferation. MM cells that were in contact with activated Th cells 208 

responded much stronger (Figure 3a). Proliferation of MM cells could also be induced by co-culture 209 

with murine L cells, L cells expressing human CD40L (CD40L
+
 L cells) or by providing agonistic 210 

anti-CD40 mAb. The CD40-related responses were seen without addition of exogenous cytokines 211 

(Figure 3b). We next repeated Th cell-MM cell experiments as shown in Figure 1, but added 212 

antagonistic anti-CD40L from day 3-5: Blocking CD40L reduced the ability of activated ThMYEL to 213 

support the proliferation of MM cells (Figure 3c). 214 

  215 
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CD40 stimulated MM cells secreted Th cell attracting cytokines & chemokines 216 

We assayed supernatants (SN) from MM cells stimulated by agonistic anti-CD40, and found that 217 

the secretion of some cytokines/chemokines was significantly increased in comparison to resting 218 

MM cells (N=6, P<0.05; Figure 4a). This included sRANKL, a TNF ligand family member 219 

involved in MM pathogenesis and bone resorption (32, 33). We also found IL-9 and IL-23, which 220 

are not previously associated with MM cells. It was of interest whether the inflammatory mediators 221 

in MM cell supernatants could recruit Th cells. We found that these supernatants attracted Th cells 222 

4 times as efficiently as supernatants from unstimulated MM cells, suggesting that CD40L 223 

activation of MM cells could further recruit Th cells to MM niches in the BM, Mann-Whitney test, 224 

P=0.0003, N=6 (Figure 4b).  225 

 226 

MM cells activated and collaborated with alloreactive Th cells 227 

Others have described that a variable but consistent subset of MM cells express HLA-DR and co-228 

stimulatory molecules and that MM cells retain antigen presentation function (26, 27). We 229 

confirmed the finding of HLA-DR expression on the current MM cells (IgG
+
 and IgA

+
 subsets, 230 

Figure 5a). Similar results were found in light chain MM (data not shown). The light chain MM 231 

patients were not included in functional experiments as MM cell purity could not be easily accessed 232 

by / surface Ig staining. No significant differences in HLA-DR expression were found between 233 

these groups. On average, HLA-DR expression was found on 17% of MM cells (Figure 5a). We 234 

thereafter performed mixed leukocyte reactions with MM cells (N=7) and Th cell lines derived from 235 

healthy individuals. When mixed in culture, MM cells could stimulate allogeneic Th cells and 236 

obtain help from Th cells to proliferate (Figure 5b and Supplementary Figure S1b). This was also 237 

the case for MM cells with BM Th cells from other patients (Supplementary Figure S1c). Although 238 

HLA-DR expression varied within these samples, all MM cells activated alloreactive Th responses 239 

and received help to proliferate, P=0.004 (Figure 5c). 240 

 241 
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MM cells were supported in vivo by autologous BM Th cells  242 

We next purified ThMYEL cells from the BM of 4 MM patients and activated cells in wells coated 243 

with anti-CD3 and anti-CD28 antibodies (-CD3/28) for 24 h. Activated autologous ThMYEL cells 244 

were co-injected with MM cells, or MM cells were injected alone into conditioned NSG mice 245 

(Figure 6a). Low levels of serum M-component were obtained when MM cells were transferred in 246 

the absence of autologous Th cells. In mice that received both MM cells and Th cells, Th cells 247 

supported significant secretion of M-component from 30 days (N=4, P=0.004; Figure 6b) and MM 248 

cell proliferation in the BM (N=4, Mann-Whitney test, P=0.004, Figure 6b). Some variation in MM 249 

cell proliferation was seen between patients; high and low responders are shown, less variation was 250 

seen in serum titers of M-component (Figure 6b), suggesting that our results could have been 251 

influenced by varying distribution of cells in BMs as compared to other tissues of mice. In fact, we 252 

found that both MM cells and Th cells had localized into the splenic niche where Th cell blasts and 253 

MM cells were in close contact, suggesting active collaboration between these 2 cell types in vivo in 254 

this extramedullary niche (Supplementary Figure S4).  255 

 256 

Collaborating MM cells and Th cells from whole bone marrow cultures 257 

The above results suggested that Th cells could stimulate MM cells and potentially play a role in the 258 

expansion of MM cells in patients. We therefore cultured cells from the whole bone marrow 259 

compartment in culture medium supplemented with autologous serum and IL-2. This approach 260 

allowed prolonged expansion of MM cells from 13 consecutive patient samples. The cells appeared 261 

quiescent for the first 5-8 days. Thereafter, clusters of activated and proliferating MM cells and Th 262 

cells were observed, Supplementary Figure S5 and data not shown. After 3-4 weeks, Th cells and 263 

MM cells were expanded (>x4-10). The expansion of MM cells was dependent on Th cells, as 264 

removal of Th cells abrogated growth and MM cell proliferation could be inhibited by providing 265 

anti class II mAbs (anti-pan HLA DP resulted in ≈ 30% inhibition, anti-pan DQ ≈ 50% and anti-pan 266 

DR ≈ 60% inhibition, data not shown). After this expansion phase, we also found activated CD8
+
 T 267 
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cells that appeared to inhibit MM cell growth (from week 3-4, data not shown). We therefore 268 

repeated bulk culture experiments with depletion of CD8
+
 T cells. This was compared to combined 269 

depletion of both CD4+ Th cells and CD8
+
T cells. Within 14 days, Th cells and MM cells had 270 

expanded in cultures that lacked CD8
+
 T cells, but not in cultures containing no T cells (Fig 6c, 271 

Suppl. Fig S6). Further, when bulk-cultured bone marrow cells were transferred into NSG mice, we 272 

found that MM cells expressing the appropriate L chain (but not normal plasma cells with 273 

uninvolved L chain) were activated in the presence of CXCR3
+
 Th cells and that bone marrow 274 

stroma cells without T cells could not support the growth of MM cells in the spleen and bone 275 

marrow of NSG mice (Fig 6 d, Supplementary Fig S6). 276 

 277 

  278 
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Discussion  279 

We found that polyclonally activated Th cells potently stimulated the proliferation of MM cells in a 280 

contact dependent and CD40L dependent manner. MM cells stimulated alloreactive Th-cells and 281 

MM cells thereby elicited help for their own proliferation. Autologous BM Th cells also supported 282 

MM cell proliferation and M component secretion in xenografted NSG mice. We found juxtaposed 283 

Th cells and MM cells in clusters at the extramedullary sites of xenografted mice. Similarly, in 284 

vitro, CD40-activated MM cells secreted chemokines and cytokines that attracted Th cells, 285 

suggesting that MM cells recruited Th cells into the MM microenvironment. Activated MM cells 286 

also secreted cytokines involved in Th cell subset differentiation (IL-9 and IL-23), bone resorption 287 

(sRANKL) and angiogenesis (TNF and VEGF). MM cells in in vitro cultures of whole bone 288 

marrows expanded in the presence of Th cells in an HLA class II-dependent manner, removal of Th 289 

cells abolished MM proliferation. The BM stroma could only support the expansion of MM cells in 290 

NSG mice when Th cells were included in the graft. Taken together, our results suggest that Th 291 

cells may play an important role to support MM cell proliferation in the BM niche. 292 

 293 

It has become clear that the BM is a niche for activated memory T cells in a microenvironment with 294 

increased levels of cytokines including IL-15 and IL-6 (18, 34). CD40L is predominantly expressed 295 

by activated Th cells; activated Th cells further up-regulate CD40L surface expression 10 fold 296 

within 2-8 hours of stimulation (19-21). Reciprocally, MM cells retain the ability to stimulate Th 297 

cells since a subset of MM cells express MHC class II and costimulatory molecules (26, 27). MM 298 

cells could therefore potentially present mutated self-epitopes to Th cells and elicit support for 299 

proliferation. After a week of culture in autologous serum, bulk bone marrow cultures gradually 300 

expanded as both Th cells and MM cells were spontaneously activated, and MM cell expansion (in 301 

vitro and in vivo) was abrogated by depletion of Th cells. This suggests that the bone marrow 302 

compartment contains Th cells specific for MM cell antigens, a suggestion that is compatible with 303 

previous findings on oligoclonal expansions of Th with unknown significance in the MM patients 304 



16 

 

(1, 35). Clonotypic determinants in the V regions of the BCR (Idiotypes) (6, 11) are plausible 305 

antigenic drivers for such Th cell partners. In fact, 0.7-10% of BM Th cells were previously found 306 

to respond to monoclonal Ig derived from MM cells. Many of these Ig-specific Th cells secreted 307 

Th2-type cytokines. Therefore, Ostad et al. speculated that such Th cells could provide support for 308 

MM cell growth (15).  309 

 310 

It has previously been demonstrated that human primary MM cells very poorly engraft into NSG 311 

mice without provision of other human BM constituents (36). When MM cells very rarely engrafted 312 

in NSG mice, a multi-lineage reconstitution including T cells and human CD13
+
 myeloid stromal 313 

cells was found (36). The current results demonstrate that pre-activated autologous Th cells (in Fig 314 

6a) were sufficient for engraftment and that Th cells from bulk cultures (Fig 6d) were required 315 

when transferring unfractioned mononuclear cells from the bone marrow compartment. MM cells 316 

and Th cells were found in the same anatomical compartment; cell-cell contacts were clearly 317 

evident suggesting active recruitment of Th cells by MM cells. Further, the current results 318 

demonstrated that stromal elements other than Th cells could not support MM cell growth as Th 319 

depleted stroma failed to sustain MM cell proliferation. In the mouse, plasma cells and resting 320 

memory Th cells have two separate BM niches (17, 37). For interactions between MM cells and Th 321 

cells to occur, cells must contact the other type. In this regard, an inflammatory environment could 322 

drive chemokine secretion. A recent study demonstrated significantly increased pro-inflammatory 323 

cytokines (TNF-, IFN-, IL-6 and IL-8) in the BM of MM patients (38); this adds to earlier studies 324 

that have pointed to increased inflammatory cytokines in MM (39) and other studies showing that 325 

MM cells themselves can secrete inflammatory mediators such as IL-1 IL-6 and TNF- 326 

 327 

For MM cells and Th cells to interact, cells must co-localize. MM cells were previously found to 328 

secrete pro-inflammatory Th cell attracting chemokines such as CCL3 (MIP-1) that can attract 329 

CCR5
+
/CCR1

+
 Th1 cells, CCL5 (RANTES) that can attract CCR3

+
 or CCR5

+
/CCR1

+
 Th1 and Th2 330 
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cells, CCL2 (MCP-1), and CCL3 for CCR4
+
 Th2 and Th17 cells (2, 41). In our assays these results 331 

were confirmed. Moreover, chemokine secretion was significantly up-regulated after CD40- 332 

activation. The greatest change was in CXCL10 (IP-10), a chemokine that can attract CXCR3
+
 Th 333 

cells (Th1 and Th1/17 or Th1*). We found that an increased proportion of the BM Th cells were 334 

CXCR3
+ 

in MM patients. In addition, the BM Th cells often expressed CCR6, a receptor usually 335 

found on Th17 cells. It is increasingly clear that Th cells can develop into functional variants, as has 336 

also been described for CXCR3
+
CCR6

+
 Th1/17 or Th1* cells in humans (30, 31). Thus, 337 

inflammatory stimuli e.g. IL-1 can skew Th cell phenotypes (30, 31). The release of such 338 

mediators in the MM cell microenvironment by MM cells, Th cells and other cells may have caused 339 

the unusual chemokine receptor profile that we observed. 340 

 341 

MM cells can also migrate in response to chemokines. MM cells express CCR1, CCR2, CCR5 and 342 

CXCR3 and migrate towards CCL3 and CCL5 (42, 43). The pro-inflammatory CCL3 and CCL5 343 

can be secreted by activated Th cells as also seen in our data, suggesting active migration of both 344 

Th cells and MM cells towards a Th-MM cell interaction. 345 

 346 

The current results and previous findings suggest that Th cells may drive MM growth. Previous 347 

findings support this conjecture including descriptions of  1) an inflammatory microenvironment in 348 

the BM of patients (2, 38-40), 2) chemokines supporting chemotaxis between Th cell and MM cell 349 

(42, 43), 3) the functionality of MM cells as antigen presenting cells (26, 27), 4) a high frequency of 350 

Idiotype-specific Th cells in the BM (15), 5) a high level of CD40 on MM cells and previous 351 

reports of MM cell responsiveness to CD40L (23-25, 44, 45), and 6) the responsiveness of MM 352 

cells to Th cell derived cytokines (15, 16). We suspect that MM cells have shaped and co-evolved 353 

with their microenvironment, co-opting favorable supportive Th cell subtypes, escaping cytotoxic T 354 

cell responses and sculpting other elements such as MDSC. Hence, a better understanding of the 355 

interplay between T cells and myeloma cells may be of special relevance to immunotherapy.  356 
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Figure Legends 489 

Figure 1. Polyclonally activated Th cells stimulated the proliferation of MM cells. We tested 490 

the ability of anti-CD3/28 beads (abbreviated as anti-CD3/28 in figure) polyclonally activated Th 491 

cells to stimulate purified CD138
+
 MM cells. (a) Proliferation (BrdU incorporation) and cell size 492 

(FSC scale) of purified CD138
+
 MM cells in the presence of anti-CD3/28 beads and allogeneic Th 493 

(allo Th) cells or CD138-depeleted autologous BM cells. Left contour plot shows purified MM cells 494 

(CD138
+
CD56

+
) in a co-culture with allogeneic Th cells (CD4

+
CD138

-
CD56

-
). Right panels show 495 

gated MM cells (MM104) as indicated in the presence of anti-CD3/28 beads, MM cells in the 496 

presence of anti-CD3/28 beads + allogeneic Th cells, MM cells in the presence of anti-CD3/28 497 

beads + MM cell depleted BM cells. The mean cell sizes (downward arrows) are indicated vs. 498 

control (upward arrow) on the FSC axis. (b) Proliferation of MM cells in response to polyclonally 499 

activated autologous Th cells from patient BM (ThMYEL), vs. MM cells alone, or MM cells with 500 

beads. BrdU vs. surface  light (L) chain expression on gated CD138
+
CD56

+
 MM cells from the 

+
 501 

patient MM106. The rightmost plots show the proliferation of gated CD138
-
CD56

-
CD4

+
 BM Th 502 

cells in the presence of MM cells and anti-CD3/28 beads. Bottom: Percentage of proliferating MM 503 

cells in stimulated cultures vs. control as indicated, N=4. Data represent mean±s.e.m. Paired student 504 

T test, P<0.007. (c & d) Kinetic analysis of ThMYEL-supported MM cell proliferation (details of 505 

materials and methods are in Supplementary Information). (c) CellTracker-labeled ThMYEL cells 506 

(red) were mixed in a 1:1 ratio with autologous CD138
+
 MM cells (non red-labeled) from patient 507 

MM159 in the presence of anti-CD3/28 beads and T cell cytokines (IL-2 + IL-15). Representative 508 

images of cells at 0 h and 60 h. Contour plot: Distribution of CD138
+
 MM cells and CD4

+
 ThMYEL 509 

after 98 h. (d) Percent confluence of non-red MM cells in wells from 0 h to 60 h in co-culture with 510 

autologous ThMYEL cytokines and anti-CD3/28 beads (left histogram), with cytokines and anti-511 

CD3/28 beads or with cytokines and autologous ThMYEL (right histogram). Data represent mean ± 512 

s.d. Patients (N=4) MM104, MM106, MM107 and MM159 were IgG
+
 and previously untreated. 513 

See also Supplementary Figure S1. 514 
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 515 

Figure 2. Phenotype and cytokine profile of BM Th cells from healthy individuals and MM 516 

patients. (a & b) Analysis of transcription factors and cytokines from polyclonally short term 517 

activated BM Th cells from healthy individuals (ThNORM) and those of MM patients (ThMYEL) cell 518 

lines. In histogram, white bar: ThNORM; black bar: ThMYEL. (a) Intracellular staining of IFN-, IL-2 519 

and T-bet, and surface CCR5, CCR6 and CXCR3 expression of short term activated ThNORM and 520 

ThMYEL cell lines, representative examples are shown. Right histogram: Ratio of IL-2, IFN- and 521 

TNF- positive cells after normalization (Percentage of respective cytokine positive cells in ThMYEL 522 

divided by that of ThNORM is shown as ThMYEL/ThNORM). Grey bars indicate normalized ratios. Data 523 

represent mean±s.e.m. (b) Cytokine secretion in supernatant from these short term activated 524 

ThNORM (N=4) and ThMYEL cell lines (N=6). Top: cytokines secreted by stimulated BM Th cells 525 

ThMYEL cell lines. Bottom: Ratio ThMYEL/ThNORM, i.e. the secretion of respective cytokines of 526 

ThMYEL divided by that found with ThNORM.  Only ratios >3 and <1/3 are indicated as the numbers 527 

above or below respective bars. Data represent mean±s.e.m. ThMYEL cells were from the previously 528 

untreated IgG
+
 MM patients MM104, MM105, MM106, MM107, MM108, MM122, MM123, and 529 

MM133. ThNORM were from 5 healthy individuals. See also Supplementary Fig. S3. 530 

 531 

Figure 3. MM cell stimulation is contact and CD40L dependent  532 

Analysis of cell-cell contact dependency and CD40 ligation. (a-c) Gated cells are shown as 533 

indicated in top rows, bottom rows show L chain expression of CD138
+ 

cells. (a) BrdU vs. FSC and 534 

BrdU vs.  light (L) chain
 
expression of CD138

+
CD56

+
 MM cells from Transwells either alone 535 

(left), from inserts with ongoing Th cell/MM cell interactions in the bottom well (middle), or from 536 

MM cells stimulated by anti-CD3/28 beads (abbreviated as anti-CD3/28 in figure) activated 537 

autologous Th cells (right). (b) Analysis of the effect of CD40L on MM cell proliferation, BrdU vs. 538 

FSC/ L chain
+
 is shown. Gated MM cells (CD138

+
,  L chain

+
) in the presence of control L cells 539 

(left); gated MM cells stimulated by CD40L
+
 L cells (right). (c) ThMYEL cells were co-cultured with 540 
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autologous MM cells in the presence of anti-CD3/CD28 beads as in Figure 1c. Cells were cultured 541 

with anti-CD40L mAb or isotype control mAb from day 3-5. Left: Isotype control, right: Anti-542 

CD40L mAb. BrdU vs. FSC (top) and BrdU vs  L chain (bottom) are shown of gated CD56
+
IgG 543 

L chain
+
 MM cells. MM cells were from untreated patients with IgG

+
 MM cells: MM104 in (a), 544 

MM159 in (c) and a patient IgA
+
 (MM111) that had relapsed after high-dose chemotherapy and 545 

autologous stem cell transplantation in (b). 546 

 547 

Figure 4. CD40-activated MM cells secrete cytokines/chemokines that attract Th cells. Purified 548 

MM cells from patients (N=6) were activated by agonistic anti-CD40 mAb, supernatants (SN) were 549 

analyzed for cytokines and chemokines and compared to unstimulated control. (a) Change from 550 

background () is shown for significantly increased cytokines (P<0.05) in all depicted cytokines. 551 

Data represent mean ± s.e.m. (N=6). (b) Migration of purified patient Th cells through transwell 552 

chambers towards supernatant from unstimulated or anti-CD40 stimulated MM cells. Spontaneous 553 

migration towards fresh medium (negative control) has been subtracted; change of migratory 554 

response ( migration) is shown. Mann Whitney test, (N=6), **P<0.01. MM cells were from the 555 

previously untreated IgG
+
 MM patients MM104, MM106, MM107, MM122, MM123 and MM133. 556 

 557 

Figure 5. MM cells can activate alloreactive Th cells and elicit help for proliferation. Analysis 558 

of HLA-DR expression and mixed leukocyte reactions (MLR). (a) Percentage of HLA-DR positive 559 

MM cells from patients with IgG and IgA MM (N=25, N=7 respectively). Data represent mean ± 560 

s.e.m. (b) MM cells (MM107) in the absence or presence of alloreactive Th cells. BrdU vs. surface 561 

 light (L) chain is shown on gated CD138
+
CD56

+
 MM cells. Right panel: Response of CD138

-
562 

CD56
-
CD4

+
 Th cells. (c) Percentage of proliferating MM cells from patients in the absence or 563 

presence of alloreactive Th cells (N=7). Data represent mean ± s.e.m. Two tailed Mann-Whitney 564 

P=0.002. MM cells were from MM107 (IgG
+
 patient, untreated) in (b); 2 relapsed IgA

+
 patients 565 

(MM101, MM103) and 5 IgG
+
 untreated (MM104, MM105, MM107, MM112, MM117) in (c).  566 
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 567 

Figure 6. Autologous Th cells support MM cell proliferation in vivo. Analysis of autologous BM 568 

Th cell support of MM cells in NSG mice. (a, b) CD4
+
 Th cells and CD138

+
 MM cells were 569 

purified; Th cells were activated and co-injected i.v. with MM cells into conditioned NSG mice. 570 

MM cells alone were injected i.v. in control NSG mice. Details are described in the Supplementary 571 

Information. (a) Serum samples were drawn to measure M-component; results from 4 patients 572 

expressing IgG are shown: mice injected with MM cells alone (MM), mice injected with both MM 573 

cells and autologous Th cells (MM+Th) (N=4). Mice were killed on day 50. Mean and s.d. is shown 574 

, two tailed Mann-Whitney P<0.02. (b) In vivo proliferation of MM cells in the absence or presence 575 

of injected Th cells in the bone marrow of recipient mice. Left panels: representative BrdU staining 576 

for proliferative MM cells. Right panels: Percentage of proliferating MM cells from the mice 577 

injected with MM vs. MM+Th. Box & whiskers, min-max is shown, two tailed Mann-Whitney 578 

P=0.02. MM cells were from untreated IgG
+
 MM patients MM122, MM123, MM126 and MM133. 579 

c) Bone marrow cells were depleted of T cells (without (wo) Th and CD8
+
 cells, left) or CD8

+
 T 580 

cells and were cultured in autologous serum and IL-2. After 14 days, MM cells were identified by 581 

intracellular  L chain stain (Ig L chain vs. Ig L chain). Proliferation (BrdU) vs. size (FSC) of 582 

MM cells (gated Ig L chain
+
) in cultures without T cells (left) and without CD8

+
 cells (right), N=4. 583 

d) Transfer of bulk cultures as in c) after 14 days in culture into NSG mice for 42-51 days. Ungated 584 

MM cells (Ig L chain
+
) in spleens from mice that received cultures depleted of T cells, or cultures 585 

depleted of CD8
+
T cells (Ig vs. Ig L chain) and proliferation (BrdU) vs. size (FSC) is shown. 586 

Right: numbers of proliferating (BrdU
+
) MM cells in the BM of NSG mice (numbers per mouse 587 

femur). Mean + s.d. is shown, two tailed Mann-Whitney: P=0.0061, P=4 patients, cells from 588 

relapsed IgG
+
 MM patients: MM.C100 MM182, MM185, and from relapsed IgA

+
 MM patient 589 

MM183. See also Supplementary Figure S6. 590 


